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I. INTRODUCTION 
Persistent and recurring blocking during the record setting North 
American winters of 1976-77, 1977-78 and 1978-79 has stimulated renewed 
interest in the blocking phenomenon. Blocking is generally characterized 
by a splitting of the basic westerly current in the mid-troposphere with 
a sharp transition from zonal flow upstream to meridional flow with 
vortices downstream of the current split (Rex, 1950a). The normal 
eastward progression of cyclone-scale waves is impeded by the regional 
breakdown of the zonal flow in the vicinity of the block. A common 
feature associated with a well-developed block is the formation of a 
warm-core, quasi-stationary ridge just downstream of the split in the 
westerly jet. This anticyclone may remain stationary, progress slowly 
eastward or retrogress westward in concert with its associated surface 
anticyclone (Rex, 1950a). A block can manifest itself synoptically as 
a warm-core anticyclone directly north of cutoff, cold-core low (a "Rex 
block"), as an "omega block" where closed, cold-core lows appear south­
west and southeast of the warm-core high in an pattern, or simply as 
an amplified, full latitude ridge. 
Blocking can result in climatologically abnormal surface weather 
conditions such as the record cold and snow that occurred locally 
throughout the eastern two-thirds of the United States during the winters 
of 1976-77, 1977-78 and 1978-79. Namias (1950) has shown that blocking 
plays an Important part in the index cycle. From the energetics studies 
of Winston and Krueger (1961) and others it can be inferred the blocking 
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may play a significant role in the cycle of atmospheric energy. Sawyer 
(1970) indicates that blocking is a major contributor to large-scale 
atmospheric fluctuations with periods of 15 to 60 days. An understanding 
of the physical mechanisms responsible for the blocking process is of 
fundamental importance if we are to improve our ability to make reliable 
medium and long range forecasts. A broad array of opinions on the cause 
of blocking is encompassed In the various barotropic and baroclinic 
theories for blocking that have been proposed to date. Most theories 
suggest that blocking is somehow related to the large-scale stationary 
forcing provided by orography and land-sea differential heating. Pre­
vious diagnostic studies have not provided a satisfactory explanation of 
the physical mechanisms that cause blocking. The fact that blocking can 
cause large, seasonal climatic anomalies and that the physical mechanisms 
responsible for its formation are not well-understood suggests that 
additional diagnostic studies of blocking are needed. 
A problem frequently encountered when studying blocking action is 
establishing exactly what is meant by the term "blocking". Any persistent, 
quasistatlonary ridge that impedes the normal eastward progression of 
cyclone-scale waves can be called a block. Our primary interest is in 
blocking ridges that generally satisfy Rex's (1950a) definition of block­
ing and whose lifetimes range from 10 to 15 days. Rex's (1950a) defini­
tion is used as a guideline to subjectively select case studies from a 
time series of synoptic charts. We will not discuss longer duration 
ridges such as those that frequently occur over the eastern Pacific Ocean. 
These long duration, stationary ridges are probably a direct response to 
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the large-scale forcing provided by sea surface temperature anomalies in 
the North Pacific Ocean (Chen and Shukla, 1981). As such they apparently 
represent a different class of phenomenan than the Rex blocks that are 
our primary interest in this study. 
We approach the blocking problem by calculating the temporal evolu­
tion and the geographical distribution of the spectral energetics of 
individual cases of wintertime blocking. To date, no one has examined 
the time history of the spectral energetics of blocking. Our goal is to 
Identify possible physical mechanisms responsible for the development and 
maintenance of blocking. The spectral energetics method provides a power­
ful diagnostic tool for the examination of large-scale atmospheric circu­
lation systems. Saltzman's (1957, 1970) formulation of the energy equa­
tions in wavenumber domain is used after correcting these equations for 
errors in the nonlinear terms. Ensembles of the large-scale waves (zonal 
harmonic wavenumbers 1 through 4) and the intermediate-scale waves 
(wavenumbers 5 through 10) are formed to provide a good wavenumber domain 
' representation of the atmospheric planetary-scale and cyclone-scale waves, 
respectively. If care is taken to Isolate the physical processes actually 
associated with blocking, the time history of a block's spectral energetics 
can provide needed Insight into the behavior and characteristics of this 
important feature of the midlatitude circulation. Toward this end, an 
effort is made throughout this, study to relate salient features of the 
energetics analysis to observable synoptic events. 
In any diagnostic calculation that uses data from the real atmosphere, 
the best case studies will be those with the most intense circulations. 
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The energy content and energy conversions associated with the blocking 
ridges being studied must be large enough to be detected above the normal 
background noise In real data If the diagnostic calculation Is to yield 
fruitful results. Because the atmospheric circulation Is most Intense 
during the winter, we expect that the most Intense cases of blocking will 
occur In the winter season also. Therefore, we selected blocking cases 
from the winters of 1976-77, 1977-78 and 1978-79 for our study. 
Even In Intense cases of blocking that are not temporally and 
spatially Isolated, the energy conversions associated with the block can 
easily be masked by developments in other regions far removed from the 
block in the zonally averaged spectral energetics results. To Isolate 
the diagnosed processes that are taking place in the vicinity of the 
block, polar stereographlc projections of the spatial distribution of the 
kinetic energy, meridional transports, barocllnlc energy conversion, and 
wave amplitudes for each ensemble are constructed. In addition, limited 
area energetics calculations are performed when appropriate to reinforce 
and clarify the spectral results. 
In the course of the analysis, we separated our case studies into 
three categories. These Include high latitude blocking over the Atlantic, 
high latitude blocking over the Pacific, and middle latitude blocking 
ridges over the Atlantic Ocean. Similar distinctions were made by Rex 
(1950b) and Elliott and Smith (1949). The results for a particularly 
Intense case of each type of blocking are presented in the main text. 
Brief discussions of the other cases are contained in the Appendix. 
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The development of high latitude blocking over the North Atlantic 
and North Pacific Oceans appears to be fundamentally different in our 
sample of cases. We have isolated two different mechanisms that can 
force the development of blocking. First, Atlantic blocking can be 
caused by nonlinear, bardtropic wave-wave interaction between planetary-
scale waves and baroclinically active cyclone-scale waves. Kinetic 
energy generated baroclinically at intermediate scales is transferred 
nonlinearly to the planetary-scale waves while marked, zonally asymmetric 
cyclone-scale heat transports aid amplification of the ultralong wave 
thermal ridge associated with the blocking high. Pacific blocking can 
develop as the result of baroclinic amplification of planetary-scale 
waves. In either case, once the block reaches maturity, zonally 
averaged energy conversions become quite small. 
The implications of our results and the possible role of large-
scale forcing, particularly sea surface temperature anomalies, in 
creating the conditions necessary for the existence of blocking ridges 
are discussed. 
6 
II. HISTORICAL BACKGROUND 
A. Synoptic and Cllmatologlcal Studies 
The investigation of blocking action has long been a topic of 
interest because blocking can cause significant local distortions of 
normal seasonal climatic trends (Rex, 1950b). Early work in this area 
was primarily of a descriptive nature with investigators concentrating 
on the synoptic character and climatology of blocking. 
Rex (1950a) established a subjective set of criteria for the defi­
nition of blocking based on the synoptic pattern associated with it. 
According to Rex, blocking is said to exist when the basic westerly 
current at upper levels splits into two branches that extend over at 
least 45° of longitude with each branch transporting appreciable mass. 
A sharp transition from zonal flow upstream to meridional flow downstream 
of the current split must be observed and this pattern must persist for 
at least ten days. Rex (1950b) noted that blocking occurs most fre­
quently over the northeastern portions of the Atlantic and Pacific 
Oceans, that it normally persists for 12 to 16 days, and that it is 
relatively stable in position. Atlantic blocking occurs roughly twice 
as often as Pacific blocking. Blocking can occur at any time of year 
but is most frequent in the Spring and minimal in late Summer and early 
Fall (Rex, 1950b). 
Elliot and Smith (1949), using surface data, also observed that 
there is a marked tendency for blocking to occur over the northeastern 
Atlantic and northeastern Pacific Oceans. They make a further dlstinc-
7 
tion between high and low latitude blocking over the Atlantic. High 
latitude cases generally satisfy Rex's blocking criteria. In a Rex 
block, the original single westerly jet is replaced by two westerly jet 
branches with a zone of mean easterly flow between. A pronounced 
wanning occurs in the northern part of the blocked zone with cooling in 
the southern part. The mean meridional temperature gradient across the 
blocked zone is greatly reduced or even reversed (Rex, 1950b). The 
lower latitude cases, in which the high center is located south of 55°N, 
are characterized by a northward extension of the subtropical high pres­
sure cell. The connection of the blocking ridge to the subtropical high 
is not broken, whereas this connection is broken in a Rex block. The 
high latitude blocks are more stable and of longer duration than the lower 
latitude ridges, as well as being more intense disturbances (Elliott 
and Smith, 1949). Thus, high latitude blocks would be expected to exert 
more influence on circulation patterns in other regions than the less 
persistent.lower latitude types. No distinction is made between high 
and low latitude events by Rex because the lower latitude ridges, in 
general, do not persist long enough to satisfy Rex's criterion for 
blocking duration. Rex refers to these ridges as amplified waves, not 
as blocking highs. 
Using time filtered 500 mb height and 1000-500 mb thickness data. 
Sawyer (1970) found that disturbances with periods from 15 and 60 days 
occur predominantly between 60° and 70°N over the northeastern Atlantic 
and northeastern Pacific Oceans. These long period fluctuations are 
primarily of a large scale and coincide with the most frequent locations 
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for blocking. Shorter period, smaller scale variability Is concentrated 
along the cyclone storm tracks, just upstream of the blocking regions. 
This relationship implies at least a circumstantial link between the 
climatologlcally preferred locations of cyclogenesls and blocking. 
Rex (1950a) noted that the appearance of blocking is more probable 
when a strong, relatively narrow westerly current exists in the upstream 
area. He observes that a "finite external impulse" provided by a suffi­
ciently intense cyclonic disturbance initiates the blocking action. 
Berggren et al. (1949) present a detailed synoptic description of 
the development of an Atlantic block in which vigorous cyclone-scale 
troughs appear to stimulate the block's development. Strong zonal flow 
extending across the Atlantic into Central Europe was broken down by the 
successive development of a series of finite amplitude troughs during 
mid-February, 1948. Strong northward currents of warm air ahead of the 
first northwest-southeast tilted trough cut off the stagnant southern 
portion of a cold, downstream trough and caused a westward broadening 
toward Greenland of a narrow ridge that had reached from Central Europe 
to Scandinavia. Two days later, a second deep trough had reached 
Newfoundland, setting off another intense southerly warm current that 
cut off the southern portion of the preceding trough. 
This process repeated itself four times during an eight day period. 
The associated warm currents gradually broadened the initially narrow 
ridge until a large warm anticyclone extended from Scandinavia to 
Greenland. The cutoff troughs remained as a series of cold cyclonic 
vortices on the south side of the anticyclone. 
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In this case of Rex blocking, the destruction of the zonal flow 
over the Atlantic was associated with the gradual intensification and 
slow retrogression of the split in the westerly current that accompanied 
the block. The westward retrogression of the blocking process did not 
take place at a steady rate, and its entire evolution was associated 
with the rapid deepening and gradual stagnation over the Atlantic of a 
series of cyclone waves that apparently originated over western North 
America. 
Thus, synoptic observations show that blocking usually develops 
downstream of the major jet streams and the semi-permanent centers of 
action over East Asia and eastern North America. Although the development 
of blocking appears to be associated with intense cyclone-scale waves in 
some way, any cause and effect relationship that may exist between the 
cyclones and subsequent blocking cannot be determined from synoptic 
studies alone. Diagnostic energetics analyses are needed to isolate the 
mechanisms at work during the life-cycle of a blocking anticyclone. 
B. Diagnostic Studies 
A number of diagnostic studies of blocking. Including spectral 
energetics analyses, have already been done. Previous studies use pri­
marily time averages of zonally averaged energetics results. The reason 
for using this type of analysis is primarily historical. Analyses of 
the general circulation have traditionally used this same approach. 
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Paulin (1970) examined the spectral energetics of January 1959, a 
period of tropospherlc blocking and stratospheric warmings. He con­
cluded that the energy flow In the troposphere was of an active baro-
cllnlc type with maxima in the conversion from zonal to eddy available 
potential energy [CCA^ , Ag)] and in the conversion from eddy potential 
to eddy kinetic energy [C(Ag, Kg)] accompanying 3 blocking pulses during 
the month. The maximum monthly mean baroclinic energy conversion 
occurred at zonal harmonic wavenumber 3. The time history of spectral 
quantities is not presented. Winston and Krueger (1961) give an inform­
ative discussion of the energy cycle during the same period although 
they concentrate on the energetics of a cold air outbreak in early 
January 1959 rather than on the blocking. Enhanced baroclinic activity 
and strong northward heat transport are evident in their results. 
Murakami and Tomatsu (1965) use monthly mean data at 1000 mb and 
500 mb to show that C(Ag, Ag) and C(Ag, Kg) at wavenumbers 2 and 3 were 
quite large during January and February 1963. This winter was also 
characterized by blocking with a major warming in the stratosphere. 
Julian and Labitzke (1965) studied this same time period, noting a 
relationship between high latitude blocking in the troposphere and 
the stratospheric warning. Increased vigor In the vertical motion 
field accompanied both the onset of tropospherlc blocking and strato­
spheric warming. They conclude that energy variations in both the 
troposphere and middle stratosphere were largely baroclinic. Unfortu­
nately, they only had data for every fifth day, and they only present 
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time averaged results. The energetics in the spectral domain were not 
calculated. 
The calculation of monthly means can easily mask important ener­
getics processes because the lifetime of blocking is usually on the 
order of 10 to 15 days (Rex, 1950b). If processes important in the 
initiation, maintenance or decay of blocking are large for only a few 
days, their contribution can easily be smoothed into obscurity by a 
month long average. In addition, zonally averaged results cannot 
distinguish whether diagnosed processes are associated with blocking 
or with some other aspect of the circulation. 
More recently, Hartmann and Ghan (1980) used a statistical approach 
to compare the heat and vorticity budgets of composited Atlantic and 
Pacific blocking ridges (duration 2 6 days) and transient ridges 
(duration < 6 days). They suggest that Pacific blocks may be caused by 
largely barotropic mechanisms whereas Atlantic blocks may be largely 
baroclinic. Hartmann and Chan's composites over each ocean are formed 
from the time and meridionally averaged results for blocking cases 
selected from ten winter seasons. Although they allow for different 
physical mechanisms over the different oceans, they do not allow for dif­
ferent mechanisms over the same ocean. It is not obvious that all cases 
of blocking over the Atlantic or over the Pacific are caused by exactly 
the same mechanism. A composite analysis assumes that all of the cases 
have an essentially similar physical behavior. Unless it can be demon­
strated that this is the case, the compositing approach does not seem 
justified. 
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Austin (1980) suggests that blocking is the result of the construc­
tive Interference of stationary planetary-scale zonal harmonic waves with 
normal phases but much greater than normal amplitudes. Zonal harmonic 
wavenumbers 2 and 3 are dominant during Pacific blocking, but wavenumbers 
1 and 2 are most Important during Atlantic blocking. Austin uses the 
traditional argument that the individual planetary waves are forced by 
orography and differential thermal effects. Although more specific 
mechanisms for the initiation of blocking are not proposed, it is sug­
gested that once a block has formed, smaller scale baroclinic waves 
traveling in the split flow could maintain the block. 
Austin merely reconciles synoptic descriptions of blocking with 
the spectral representation of the height field associated with it. The 
argument that blocking results from the interference of amplified plane­
tary waves with normal phases is a description of what is happening in 
wavenumber space during blocking, not an explanation of why it is 
happening. The fact that the planetary waves have normal phases during 
blocking is not surprising because blocking ridges normally form in the 
same regions as the mean, standing wave ridges that define the "normal" 
behavior. 
Thus, no mechanism has been isolated to explain the initial develop­
ment of blocking. It is evident in most studies that baroclinic proc­
esses are important during blocking, but a detailed examination of the 
temporal evolution of the energetics of blocking ridges has not been 
presented. We do not know if different mechanisms are important at 
different stages in the life-cycle of a block or if different mechanisms 
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are responsible for the development of blocking at different times or 
in different geographical locations. The studies of Austin and Hartmann 
and Ghan at least suggest that different mechanisms may be at work over 
the different oceans. 
C. Theories 
Conventional wisdom suggests that blocking is somehow associated 
with the stationary forcing of planetary waves by orography and land-sea 
thermal contrasts. This viewpoint is fostered by the observation that 
the preferred locations for blocking are over the northeastern portions 
of the major Northern Hemisphere oceans. Numerical simulations have 
encouraged this belief (Kikuchi, 1971; Lejenas, 1977). However, the 
exact manner In which stationary forcing might actually cause blocking 
has remained a mystery. 
Bjerknes (1966) has proposed a mechanism by which equatorial ocean 
surface temperature could affect the middle latitude circulation via 
atmospheric teleconnections. Warmer than normal sea surface temperatures 
(SST's) in the eastern half of the equatorial Pacific may cause the 
Hadley cell in this longitudinal sector to be more Intense than normal. 
The stronger Hadley circulation could result in larger than normal north­
ward and downward transport of westerly momentum into the subtropics and 
midlatitudes, leading to abnormally strong midlatitude westerlies In 
the same longitude sector as the warm equatorial SST's. Presumably, 
these strong westerlies would preclude the persistence of blocking 
ridges in the eastern Pacific quadrant. Conversely, cooler than normal 
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SST's in the equatorial eastern Pacific may lead to a weaker Hadley 
cell, weaker midlatitude westerlies and a greater propensity toward' 
blocking over the North Pacific. Downstream propagation of effects from 
the eastern Pacific could influence the flow field over North America 
and the Atlantic. Numerical experiments by Rowntree (1972) lend some 
support to Bjerknes' hypothesis. 
Ratcliffe and Murray (1970) found that cold SST anomalies in a wide 
area south of Newfoundland are associated with blocked weather patterns 
over northern and western Europe. Warm SST anomalies in the same area 
favor more progressive flow patterns. Namias (1964) made a similar obser­
vation and suggested that cold SST anomalies near Newfoundland cause 
increased western Atlantic cyclogenesis which in turn leads to block 
development over northern Europe. It is difficult to confirm this specu­
lation because the proposed processes occur in data sparse regions over 
the ocean. 
Namias (1963, 1978) has also suggested that the physical cause of 
Pacific blocking lies in a feedback mechanism between the atmosphere and 
the ocean surface. Motivated by this idea. White and Clark (1975) argue 
that blocking ridges develop over the North Pacific as the result of 
baroclinlc Instability Induced by anomalous sensible heat transport 
from the ocean surface. They support their argument with the results 
of a two layer, quasi-linear model by Haltiner (1967). However, Geisler 
(1977) pointed out that White and Clark, as well as Haltiner, treat the 
sensible heat transfer as Newtonian cooling. In Geisler's continuously 
stratified analytical model, Newtonian cooling causes a stabilization of 
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all wavelengths, particularly long wavelengths. This result seems to 
discredit the circumstantial argument of White and Clark that blocking 
is the result of large-scale baroclinic instability. However, it does 
not preclude significant large-scale baroclinic energy conversion in the 
development and maintenance of blocking. 
The vastly different time scales of SST changes and blocking 
suggest that if there is a link between the two, it is not direct and 
straightforward, but a subtle coupling of the ocean-atmosphere system. 
Large-scale air-sea Interactions are not well-understood, but 
these Interactions along with subsequent teleconnectlons may explain 
why the development of blocking is favored during a given season or in 
a given geographical location. It seems unlikely, though, that air-sea 
interactions alone can explain what mechanism forces the initiation of 
blocking and why an individual blocking event endures as long as it 
does. 
Recently, several new theories for blocking have been proposed. In 
general, these theories attempt to Incorporate the idea that orography 
and land-sea thermal contrasts can lead to blocking. In each case, 
blocking is proposed to develop due to large-scale forcing. 
Chamey and Devore (1979) use a low-order, barotropic channel model 
to suggest that for a given forcing (provided by orography and differ­
ential heating), more than one stable equilibrium flow may exist. Two 
equilibrium states could be a "high index" state with strong zonal flow 
and a "low-index" flow with strongly amplified waves. Blocking could 
be a meta-stable equilibrium of the low-index type. These equilibria 
16 
may be of a regional nature and could be baroclinically unstable to 
smaller scale perturbations. This instability provides additional 
forcing which drives the flow system from one equilibrium state to 
another. The energy for blocking development is primarily provided by 
the transfer of kinetic energy from the zonal flow to the eddies. 
Charney and Strauss (1980) extend the multiple equilibrium idea of 
Charney and Devore to a baroclinic low-order channel model with two 
levels. Both a high index and a low index equilibrium were found if the 
thermal driving, represented by the cross-channel temperature gradient at 
radiative equilibrium, is sufficiently large. Orography plays an Indirect, 
catalytic role in the development of blocking in this model. The lowr 
index, blocking state cannot exist without orography, but no topographi­
cally induced barotropic energy source exists for the waves. The wavy 
equilibrium is maintained by baroclinic conversion of zonal mean potential 
energy through the action of eddy heat fluxes. Holopainen (1970) has 
shown that the time-averaged, stationary, planetary-scale disturbances 
in the real atmosphere during winter are maintained, in a similar manner. 
Charney and Strauss suggest that atmospheric equilibrium circulations 
result from a type of orographic instability. The transition to a 
blocked state may occur, in their opinion, through a combination of this 
orographic instability and baroclinic instability. 
Tung and Lindzen (1979) show analytically that blocking may be 
caused by linear, resonant amplification of planetary-scale waves forced 
by topography and surface heating. Amplification of a free, traveling 
Rossby wave of a given wavenumber occurs if the atmospheric flow is 
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such that it renders the wave stationary with respect to the earth's sur­
face. The wave can then interact reasonantly with the stationary forcing 
provided by orography and differential heating. A resonant wave mani­
fests Itself as an amplifying block in the troposphere. The block could 
persist as long as the mean flow remains near the state that makes a 
particular wave resonant. The energy source for such a wave would be 
baroclinic, and blocking could only occur If the orographic forcing and 
thermal forcing were approximately in phase. Normally, the orographic 
and theraal forcing interfere destructively. However, for an optimal 
distribution of sea surface temperature anomalies and/or abnormal snow 
cover in Siberia (for example), these forcings could Interfere con­
structively, leading to the resonant forcing of large-scale waves. 
Tung and Lindzen's argument may be more favorably applied to the 
North Pacific region because the Pacific Ocean is much larger in area 
and zonal extent than the Atlantic, providing a larger-scale land-sea 
contrast. Also, the Himalayan Massif is a larger upstream orographic 
obstruction to flow over the Pacific than the Rockies are to flow over 
the North Atlantic region. Thus, large-scale forcing is likely to be 
a more dominant factor over the Pacific than over the Atlantic. Al­
though White and Clark's idea that Pacific blocking is the result of 
large-scale baroclinic instability is apparently not plausible, the 
linear resonance theory does provide a mechanism by which large-scale 
baroclinic forcing can induce blocking. 
Egger (1978, 1979) uses a barotroplc channel model to show that 
blocking can result from the nonlinear interaction of forced stationary 
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waves with slowly moving free waves. Egger's idea is basically very 
similar to Tung and Lindzen's. 
None of the recent theories specifically incorporates the forcing of 
planetary-scale waves by cyclone-scale waves. From the observations, we 
saw that cyclonic disturbances may play a part in the initiation of 
blocking over the Atlantic, if not elsewhere. Using a version of the 
second generation general circulation model of the National Center for 
Atmospheric Research with orography, land-sea contrast and radiative 
effects removed. Gall et al. (1979) have suggested that the nonuniform 
spacing and intensity of cyclones around a latitude zone will lead to 
forcing of the ultralong waves due to axially asymmetric cyclone-scale 
heat transports. The resulting pattern of heating and cooling shown by 
Gall et al., could create the high latitude warm air mass with cold air to 
the south that is associated with Rex blocking. The asymmetric cyclone-
scale heat transports in turn force large-scale vertical motion and 
corresponding large-scale baroclinic energy conversion in Gall et al.'s 
simulation. 
This type of nonlinear interaction is different from the traditional 
wave-wave kinetic energy transfer normally associated with interscale 
interactions. However, Loesch (1974) has shown that a finite ampli­
tude, marginally unstable wave can interact with two finite amplitude 
neutral waves in a quasi-geostrophic two layer model. Kinetic energy 
generated by the unstable wave is transferred by nonlinear (resonant) 
interaction to the waves outside the unstable portion of the spectrum. 
After sufficient time, the amplitude of two of the waves decays leaving 
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all of the wave energy In the third wave. The resulting streamline pat­
tern strongly resembles blocking (Coluccl, 1978), The unstable wave In 
Loesch's paper Is of planetary scale but, In principle, it could be of 
an intermediate, cyclone scale. In the mean, energy generated by baro-
clinic cyclone-scale waves is in large part transferred to the ultralong 
waves (Fjortoft, 1953; Saltzman, 1970). 
It has not been demonstrated whether Gall et al.'s cyclone forcing 
or the conventional nonlinear wave-wave interaction of Loesch plays a 
role in the initiation of blocking. However, once a block has formed 
due to cyclone forcing or any other mechanism, its life cycle may be 
determined by dispersive effects. 
Using potential vorticity conservation in a quasi-geostrophic 
model, Yeh (1949) found that the rate of dispersion of an Initial soli­
tary wave of unspecified origin decreases with increasing latitude. 
Yeh concludes that blocking Is a high latitude phenomenon whose inten­
sity and lifetime increases with latitude, while its rate of retro­
gression decreases with latitude. McWilliams (1980) has shown that 
certain features of a mature block can be well-represented by a solitary 
Rossby wave. 
The different mechanisms for the production of blocking reviewed 
in this section along with other as yet unknown mechanisms may apply to 
different blocking events in different regions at different times. To 
determine the plausibility of these various mechanisms is one of the 
purposes of our study. 
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nr. PROCEDURES 
A. Selection of Cases 
We will study blocking by examining the time evolution and spatial 
distribution of the energetics of individual case studies. The 
first step in this process is, of course, the selection of cases to 
study. Any diagnostic calculation using real data will contain a certain 
amount of background noise due to errors and uncertainties in the data. 
In order to alleviate this signal to noise ratio problem as much as 
possible, we elected to confine ourselves to studying strong winter time 
blocking episodes. The atmospheric circulation is most intense during 
the winter season so the energy conversions and transfers associ­
ated with the formation and maintenance of winter blocking anti­
cyclones should be large enough to be detected. Our calculations confirm 
that unless a blocking feature is very intense, the spectral energetics 
results will be inconclusive. 
Before selecting the individual cases, we must establish a usable 
working definition of blocking. The problem of defining exactly what 
constitutes blocking has no unique solution. Any definition of blocking 
as well as the application of that definition will be somewhat subjective. 
The most commonly used definition is that of Rex (1950a). As mentioned 
earlier. Rex defined blocking as a persistent splitting of the upper 
level westerly current, with a sharp transition from zonal to meridional 
flow. The block acts as an obstruction to the normal eastward pro­
gression of cyclone-scale disturbances. Rex's definition is quite 
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restrictive but it encompasses the synoptic features that would commonly 
be called blocking. We use Rex's criteria as guidelines in subjectively 
selecting blocking cases from a time series of synoptic charts. More 
objective definitions of blocking usually entail quantifying Rex's 
criteria in some way. The application of an objective method requires 
a large amount of computer time and has no particular advantage over the 
subjective method for our purposes. 
The hemispheric 500 mb charts prepared operationally by the National 
Meteorological Center (NMG) were inspected for the winters of 1975 through 
1979 to identify specific cases. Blocks that generally satisfied Rex's 
definition were included in our group of case studies. A total of 12 
blocking cases were ultimately selected from the winters of 1976-77, 
1977-78, and 1978-79. All three of these winters were characterized by 
severe surface weather conditions with record cold and snow occurring 
locally throughout the eastern two-thirds of North America. 
The circulation during the winter of 1976-77 featured retrograde 
blocking over the Atlantic Ocean as well as a persistent, deep, long-wave 
trough over the western Pacific and a persistent ridge in the eastern 
Pacific (.Chen and Shukla, 1981). A-major wanning occurred In the polar 
stratosphere during this winter (Qulroz, 1977). 
Blocking developed over both the Atlantic and Pacific Oceans from 
November 1977 through January 1978, with blocks existing over both 
oceans simultaneously during early December, 1977. The Atlantic blocking 
during this winter did not exhibit retrogression. 
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The strongest circulation in terms of kinetic energy of the three 
winters occurred during the winter of 1978-79. Strong, retrograde 
blocking across the North Atlantic as well as strong Pacific blocking 
characterized this winter's circulation. 
The circulation during these three winters has been discussed by 
other authors (Harnack, 1980; Namias, 1978, 1980) who noted the strong 
blocking that occurred. This interest in the winters from which we se­
lected our case studies supports the impression that our blocking cases 
are particularly severe and encourages our expectation that a diagnostic 
analysis of these cases will yield fruitful results. 
In the course of the analysis, it became apparent that blocking 
encompasses more than one class of phenomenon. The different types of 
blocking that we observe are consistent with previous observations. 
First, we have high latitude blocking in which a cutoff, warm-core high 
at 500 mb is centered north of 55°N, usually between 60° and 70°N. This 
type of blocking is described well by Rex's criteria and the synoptic 
pattern acconq)anying it closely resembles the so-called Rex blocking or 
an "Î2" block. An additional distinction can be made between high lati­
tude blocking over the Atlantic and the less frequent high latitude 
blocking over the Pacific Ocean. The high latitude blocks over the 
Atlantic and Pacific appear to have differing characters and different 
forcing mechanisms. These differences will be discussed in subsequent 
sections. 
Another type of blocking action is typically characterized by a very 
strongly amplified long-wave ridge with a 500 mb high centered between. 
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say, 45° and 50°N, and a sharp transition from zonal to meridional flow. 
This ridge is a northward extension of the subtropical, oceanic high 
pressure ridge. Although these features do not satisfy all of Rex's 
blocking criteria, we feel that they represent a significant class of 
phenomenon that is worthy of study. 
On the basis of the apparently different types of blocking, we 
separated our cases into three groups. The first group includes high 
latitude blocks occurring from Scandinavia to the Davis Strait with 
500 mb high centers usually over the Norwegian Sea and the Scandinavia 
Peninsula, or over the North Atlantic and Greenland. The synoptic 
pattern for these cases closely resembles Rex blocking and retrogression 
of the blocking high is common. This Atlantic-European blocking has a 
typical lifetime of about.two weeks. Our case studies in this category 
are listed below. They are ranked subjectively on the basis of our 
ability to unambiguously interpret the results of the energetics 
analysis. 
1. 19-31 December 1978: strong blocking over Greenland 
2. 13-30 January 1979: European-Atlantic retrograde blocking 
3. 12-31 December 1976: European-Atlantic retrograde blocking 
4. 29 November - 10 December 1977: European blocking 
5. 2-18 January 1977: European-Atlantic retrograde blocking. 
In this case, high pressure extended up over the North 
Pole on 10-11 January and amplified over the pole from 12-14 
January (Hansen and Chen, 1981). This block resembled a 
midlatitude ridge in its early stages (2-8 January). 
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The second group includes high latitude blocks that form in the 
vicinity of Alaska and the Bering Sea. These features are usually 
stationary and will henceforth be referred to as Pacific blocking. 
They are: 
1. 30 December 1978 - 12 January 1979: Alaskan blocking 
2. 27 December 1977 - 4 January 1978: Weak Alaskan blocking 
3. 19-26 November, 1-10 December 1977: Blocking over Bering Sea 
4. 5-11 January 1977; Eastern Pacific blocking 
The third group includes cases of strongly amplified midlatitude 
ridges over the North Atlantic Ocean whose lifetimes are on the order of 
5 days. 
1. 26-31 December 1977: Very strong ridge over the mid-Atlantic 
2. 3-7 January 1979: Strong mid-Atlantic ridge 
3. 11-17 January 1978: Weak mid-Atlantic ridge 
Blocking ridges with their greatest amplitudes at middle latitudes 
also occur over the eastern Pacific. These strongly amplified ridges are 
northward extensions of the subtropical high pressure belt. We consider 
these ridges to be a separate class of phenomenon because they can persist 
for months. Well-known examples of this type of phenomenon occurred from 
the December 1976 through February 1977 (Namias, 1978) and during January 
1963 (Namias, 1963). It is likely that their existence is a direct 
response to forcing by Pacific SST anomalies (Chen and Shukla, 1981). 
However, much shorter period eastern Pacific ridges can also occur. 
We believe the 12 cases that we selected give us a representative 
cross-section of the types of wintertime blocking that generally occur. 
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A detailed discussion of the synoptic behavior and the time-evolution of 
the energetics for the best case in each category is presented in 
succeeding chapters. The other cases are discussed more briefly in the 
Appendix. 
B. Data 
The data used in this study are the output of the National Meteoro­
logical Center's (NMC) operational analysis. Twice daily Northern 
Hemisphere data for the horizontal wind (u, v), the geopotential height 
(z), and the temperature (T) on a 2.5° by 2.5° grid at the 10 mandatory 
levels in the troposphere (1000, 850, 700, 500, 400, 300, 250, 150 and 
100 mb) were obtained from the National Center for Atmospheric Research 
(NCAR), The vertical velocity in pressure co-ordinates (w) was calcu­
lated from the quasi-geostrophic form of the u-equation. 
We acquired data for 1 December 1976 through 31 January 1977, 16 
November 1977 through 31 January 1978, and 1 December 1978 through 
31 January 1979. The objective analysis scheme used by NMC during the 
winters of 1976-77 and 1977-78 was the Flattery analysis. A multi­
variate statistical analysis scheme was used during the 1978-79 winter. 
Fourier coefficients of u, v, z, T, and w at each latitude circle 
from equator to pole and at each level were calculated using a standard 
fast Fourier transform technique. The Fourier series were truncated 
after zonal harmonic wavenumber 18. 
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C. Calculation of Vertical Motion 
In order to measure the release of available potential energy (APE) 
through baroclinic energy conversion, it is necessary to compute the 
vertical motion in the atmosphere. Several indirect techniques for 
calculating the vertical motion, w, are available. The methods include; 
i) the kinematic method, ii) the adiabatic method, iii) the vorticity 
equation method, and iv) the adequation method. 
The kinematic method uses the continuity equation and requires 
computation of the horizontal divergence. The horizontal divergence is 
a small quantity that can only be measured accurately in regions of 
dense data networks that give very accurate representations of the 
horizontal wind field (Wiin-Nielsen, 1964). Using the kinematic method 
in a nearly hemispheric domain containing large data sparse regions, would 
not be appropriate. 
The adiabatic method employs the thermodynamic equation. The 
adiabatic vertical motion is calculated from the residual of local and 
advective temperature changes. Use of this method can lead to erroneous 
values of the baroclinic energy conversion (Wiin-Nielsen, 1964). The 
energy conversion given by the adiabatic method is the difference between 
the actual conversion of APE to kinetic energy and the generation of APE 
by diabatic heating. 
The vorticity equation method computes W from the vertical integral 
of the total derivative of the absolute vorticity with respect to time. 
The temporal derivative of the vorticity is easier to measure than the 
horizontal divergence so this method is more accurate than the kinematic 
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method. However, neither the kinematic, the adiabatic, nor the vorticity 
equation methods include a coupling of dynamic and thermodynamic varia-
The preferred method for calculating the vertical velocity is the 
adequation method because it does include coupling of the dynamic and 
thermodynamic fields (Wiin-Nielsen, 1964). We will use the quasi-
geostrophic form of the w-equation assuming '.ii=0 at 1000 and 100 mb. In 
the quasi-geostrophic approximation, with the static stability a=a(p) 
and the coriolis parameter treated as a constant f^ =f(45°), the u-
equation can be written as 
Thus, 0) can be calculated directly from the height field, ip. The forcing 
function includes only the vertical derivative of absolute vorticity 
advection and the Laplacian of the thermal advection. 
The 01 values obtained from this method may be too small due to 
excessive smoothing of the height field in data sparse regions by the 
objective analysis scheme (Wiin-Nielsen, 1968). The smoothed height 
field can lead to oversmoothing of the o) field. 
The 0) equation has the same form as Poisson's equation and is 
generally solved by conventional relaxation techniques (Krishnamurti, 
1968). In order to avoid having to solve the Laplacian of lo, we have 
bles 
f 
where 
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employed a new method Involving spherical harmonics to solve the w 
equation (Chen et al., 1981). From our tests, we believe that the 
energy conversion results obtained from It are of suitable quality for 
a spectral energetics calculation. A discussion of the details of our 
method for calculating w Is given by Chen et al. (1981). 
D. Spectral Energetics 
1. Formulation 
The equations governing atmospheric energetics in wavenumber domain 
were first formulated by Saltzman (1957). Since then, this formulation 
has been used in numerous general circulation studies (see Saltzman, 
1970, for a review). Kanamltsu et al. (1972) have pointed out that the 
expression for the nonlinear transfer of kinetic energy amongst the 
various waves in Saltzman's formulation is not correct. Saltzman's spec­
tral domain kinetic energy flux terms cannot be reconciled with the phys­
ical domain equations. Saltzman's flux term should be multiplied by 1/2, 
and the remaining half of the original term should be added to the non­
linear interactions term (Kanamltsu et al., 1972). The nonlinear Inter­
action represents a redistribution of energy between the various waves and 
is neither a source nor a sink of kinetic energy. When summed over all 
wavenumbers, the nonlinear interaction should yield no net change in 
total eddy kinetic energy. Summing Saltzman's nonlinear interaction over 
all wavenumbers does not give a zero result. 
We have reformulated the spectral energetics equations in such a 
way that the wavenumber domain equations can be reconciled with the 
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physical domain equations, and the nonlinear interaction terms sum to 
zero. 
The zonal kinetic energy equation can be written symbolically as; 
G K  . N  
-rr = -Z C(K , K ) + C(A_, K„) + BVZ^  + BWZ + BVK + BWK 
ot zn ZZ z z z z 
N 
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6^ z 
where -gp" Is the rate of change of zonal kinetic energy. 
N N 
-E C(K , K ) = Z ' 
n=l n= 1 
[»-n\ + V-n' ^  V-n> I Ô<() 
6U SV V tan* ou ov V anip —t 
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is the barotropic interaction of all of the zonal harmonic waves with the 
zonal mean flow. Z subscripts refer to zonal mean quantities and n 
subscripts refer to the respective Fourier coefficients, (p is the lati­
tude and a is the radius of the earth. The series is truncated after 
wavenumber N = 18. 
«(4- = - f Vz 
is the zonal mean barocllnic energy conversion between zonal available 
potential energy and zonal kinetic energy. T^  is the difference between 
the zonal mean temperature and the hemispheric mean temperature (Lorenz, 
1955). R is the gas constant and p is the pressure. 
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BVZ + BWZ = 
z z 
is the horizontal and vertical flux of zonal mean geopotential energy. 
BVK^  + BWK^  - -  ^ - in 
is the linear horizontal and vertical flux of zonal kinetic energy. 
N N 
Z (FH + FV ) = I 
m=l  ^ m=l 
-1 
a cos# 6(|) i "z'V-m + '-mV 
+  ^  «  ( V  V  + V V )  2 z m -m -mm COS(j) 
Ô 
ôp 
1 u (n u + n U ) 
2 z m -m -mm 
+ 2 ^ z^ V-n. + °-mV 
represents the horizontal and vertical transport of zonal kinetic energy 
by the eddies. is the dissipation of zonal kinetic energy which can 
only be treated as a residual. 
The spectral form of the eddy kinetic energy equation can be written 
symbolically as 
gKn 
C(K , K ) + C, (nlm, 9,) + C(A , K ) + BVZ + BWZ + BVK 
•y ' "rt ir \ M « y» th 
+ BWK + FNH + FNV - D 
n n n n 
for each wavenumber n where is the rate of change of kinetic energy 
for wavenumber n, and C(K^ , K^ ) is the barotropic transfer of energy 
from the zonal flow to wavenumber n. 
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N 
C (n|m, A) = Z 
m=-N 
m^ O 
1 -1 
2 [a C08$ "-ml Cn + m) - (n-m) 
+ V^ [(n + m)V_^ U^ _^  - (n-®)V-n-in) 
1 V + -
a n-m 
ÔU 6U 
U - U 
m oq) -n otp 
6V 6V 
V —~ - V 
m 6(|) -n ô(|) + V 
—n—m 
6U ÔU 
U -jT - U "xr m 0(p n o<j) 
6V 
[ \ w  
ÔV 
- V m 
n 5* + Î2 n-m 
6U 6U 
U - U 
m op -n op 
6V ÔV 
' ~T  ^- V m op -n op 
+ n 
—n—tn 
ÔU ÔU 
U - U 
m op n op 
ÔV ÔV 
V - V —^  
m ôp n op 
 ^tan(j) V (U U 
m -n n-m 
+  U U  )  -  U  ( V  U  + V U  )  
n -n-m m -n n-m n -n-m 
represents the rate of change of wavenumber n kinetic energy due to non­
linear transfer of kinetic energy to wavenumber n from all other waves. 
CCA„. V . -a 
is the baroclinic energy conversion. 
BVZ + BWZ = - 8 
n n a cos fcî i (( V-n + ^ -nV •="=•) 
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is the horizontal and vertical flux of eddy geopotential energy. 
BVK + BWK 
n n 
is the horizontal and vertical flux of wavenumber n kinetic energy by the 
mean flow. 
FNH + FNV 
n n 
N 
Z 
m=-N 
mfO 
mf+n 
r 
1 6 
a cos(|) 5<t) fu u + u u 1 \ -n n-m n -n-mj 
fv V 
 ^-n n-
+ V V 
m n -n-m 
COS({) _6_ 6p "MI U U 1 -n n-m 
+  U U  +  V V  + V V  
n -n-m I -n n-m n -n-m 
is the horizontal and vertical transport of wavenumber n kinetic energy 
by the waves. is the dissipation. 
The spectral available potential energy (APE) equations take the 
following form. The zonal APE equation can be written symbolically as; 
N 
- Z C(Ag, A^ ) - C(Ag, Kg.) + BVAg + BWA^  + NFX^  + 
n=l 
6 . 1 
where -j— A = — 
ot z o 
if ± [1 T'Z 
.Pj <St [2 z_ 
is the rate of change of zonal APE. a is the static stability taken from 
Gates (1961). 
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N N 
- Z C(A , A ) = - Z 
n=l  ^  ^ n=l 
6T r • 
+ V-n' Ï "sf • f [f. 
is the conversion of APE from all wavenumbers into zonal mean APE. 
C(A^ , K^ ) is the baroclinic energy conversion that was defined earlier. 
BVA + BWA = - -
z z a 
R 
m a cos(|) 6(j) Vg J cos*| + 
_6_ 
6p 
is the horizontal and vertical flux of zonal APE by the mean flow, 
N 
NFX =  ^
z a .?]' -k 1 <V-m + '-mV 
— T' -6p z 2 ^ "m^ -m + ^ 4 (n„T _ + n T ) —m m 
is the transport of zonal APE by all wavenumbers, and is the generation 
of zonal APE. 
The spectral form of the eddy available potential energy equation 
can be written symbolically as; 
-h A. = C(A^ , A^ ) - C<A^ , KJ + C^ (n|m, « + SVA^  + BWA„ + 
where (r rt L \ L '  
is the rate of change of wavenumber n APE, C(A^ ,A^ ) is the conversion of 
zonal to wavenumber n APE defined earlier and C(A , K ) is the baroclinic 
n n 
conversion that was also defined earlier. 
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-n 
ÔT 
tn 
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ÔT ÔT 
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- T m 
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. -T 
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Cpp m -n -n-m n -n-m 
is the nonlinear transfer of APE from all other waves into wavenumber n. 
BVA + BWA 
n n 
1 
Ô a cos iW i >=-« - $ ( 
is the transport of wavenumber n APE by the mean flow, 
NFX = e 
n a 
R 
IPJ 
2 N 
Z 
m=-N 
mi^ O 
mf+n 
-1 Ô 
a cos# ô(j) T T + T T -n n-m n -n-m cos# 
"m 
T T ( -n n-m T T n -n-m 
is the flux of wavenumber n APE by the waves, and is the generation of 
APE at wavenumber n. 
We truncated the zonal harmonic expansion of the dynamical variables 
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after wavenumber 18 and calculated the spectral energetics at every 2.5° 
of latitude at the 10 mandatory levels in the troposphere. These results 
were then integrated over the latitude zone from 30°N to 80°N. This 
zone was selected because it completely includes the features of the 
middle and high latitude circulation associated with blocking, while 
excluding the influences of the tropical Hadley cell circulation. The 
meridionally averaged results are also integrated in the vertical from 
1000 to 100 mb. 
In interpreting the spectral results we must beware that we do not 
distort the physical phenomena that we are studying to fit the mathemati­
cal assumptions of our analysis scheme. That is, we must remember that 
zonal harmonic waves are mathematical artifices and not real, physical 
entities. In order to more easily relate the spectral energetics results 
to observable features of the circulation, ensembles of the planetary-
scale waves and intermediate-scale waves were formed. The results for 
wavenumbers 1 through 4 were summed to provide a representation of the 
planetary-scale waves in the atmosphere, and the ensemble of wavenumbers 
5 through 10 represents the intermediate or cyclone-scale atmospheric 
waves. A similar approach has been used in previous energetics studies 
(Wiin-Nielsen et al., 1963, 1964; Chen et al., 1981). By examining the 
results for these ensembles, we can isolate atmospheric energetics 
processes occurring on planetary or intermediate scales as well as non­
linear interactions between these scales. The results for individual 
wavenumbers, particularly on the largest scales, can also be Inspected 
to provide additional details and insights into the ensemble results. 
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Smaller scale processes (wavenumbers > 11) were found to play no signifi­
cant role in blocking development. 
The magnitudes of the various energetics quantities that we compute 
must be used qualitatively because the numerical value of any computed 
energy variable is subject to errors and noise in the data. The terms 
with the largest magnitudes in the energy budget give an indication of 
which physical processes are most important in the formation and mainte­
nance of blocking anticyclones. 
2. Horizontal Distribution of the Energetics 
In conventional spectral energetics studies, time averages of spectral 
quantities are usually taken to establish general circulation statistics 
used in describing how the time-mean circulation is maintained. In the 
present study, we are concerned with the life history of individual features 
of the circulation; i.e., blocking anticyclones. Therefore, we examine 
the time evolution rather than the time mean of the spectral energetics. 
However, it is not possible to determine from the time evolution of the 
spectral energetics alone whether the diagnosed energy or energy conver­
sions have anything to do with the development of blocking. Blocking is 
a somewhat regional phenomenon and we should not expect that the develop­
ment or existence of a blocking high will necessarily have a profound 
effect on the zonally averaged spectral energetics. Contributions from 
other regions can easily mask the energy processes related to blocking. 
We need to determine the spatial distribution of the energetics results in 
order to make more definite conclusions about their meaning. 
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The spectral energetics results are correlations between various 
aspects of the dynamic and thermodynamic fields that possess no phase 
structure. Therefore, they cannot be directly transformed into physical 
space to reveal the locations of the diagnosed energy and energy con­
versions. 
To determine the geographical distribution of the energetics 
quantities from the spectral calculation, we construct polar stereo-
graphic projections of important dynamical quantities at selected times. 
The Fourier coefficients of u, v, z, T, and w for the planetary and 
intermediate-scale wave ensembles are transformed info physical space. 
This yields a spectrally filtered physical space distribution of these 
quantities for each ensemble. These filtered fields are then used to 
calculate the kinetic energy, the meridional eddy transport of heat (v^ Tg) 
and momentum (u^ Vg), and the eddy baroclinic energy conversion (- — w^ T^ ) 
for each ensemble on a 2.5° x 2.5° grid between 25°N and the North Pole. 
The kinetic energy and meridional heat transports, as well as the 
planetary-scale height and temperature fields and the intermediate-scale 
height fields are plotted at 850 mb, 500 mb, and 300 mb on a polar stereo-
graphic projection. These three levels were chosen because they are 
representative of the lower, middle and upper troposphere, respectively. 
The baroclinic energy conversion is plotted at 500 and 300 mb for the 
planetary waves and at 500 mb for the cyclone waves. The meridional 
momentum transport is only plotted at 300 mb because momentum transports 
and their associated barotropic processes are largest in the upper tropo­
sphere. 
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The polar stereographic projections were made for individual obser­
vation times when energy values or energy conversions are maximum or 
rapidly changing. Plots are usually made every 24 to 36 hours during the 
life cycle of each case study blocking event. These plots provide con­
siderable insight Into the distribution of energetics processes around 
the hemisphere and make it much easier to identify important processes 
related to blocking. 
We plotted the quantities mentioned above because they are related 
to the major energy variables. The kinetic energy and baroclinic con­
versions are plotted directly. The meridional heat transport is related 
to the conversion between zonal and eddy APE 
ÔT 
C(A^ , V • • • • 
and the meridional momentum transport is related to the transfer of 
kinetic energy between the zonal flow and the eddies 
6u 
C(K,, Kg) - - (%), + . . . . 
Plots of the height and temperature fields provide details on the struc­
ture of the various major features of the circulation, including blocking 
highs. 
The location of the nonlinear transfer of kinetic energy between the 
planetary and intermediate-scale ensembles must be Inferred indirectly. 
For example, suppose the cyclone-scale waves transport westerly momentum 
into a region of planetary-scale westerly flow, followed by a marked 
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decrease in cyclone-scale kinetic energy and a marked increase in ultralong 
wave kinetic energy in the same region. A nonlinear transfer of energy 
from the cyclones to the planetary waves can be implied in this region if 
the spectral energetics calculation also reveals a significant wave-wave 
interaction occurring simultaneously. Limited area energetics calcula­
tions are undertaken to provide further evidence of this interaction (see 
Section III. E.). 
Finally, longitude versus time sections (spectrally filtered Hovmoller 
diagrams), of the meridional transports, - — and the height field 
for each ensemble are made at 30°,- 40°, 50°, 60° and 70°N latitude for 
the same levels as the horizontal plots of these quantities. These 
diagrams help to give temporal continuity to the horizontal plots. 
E. Limited Area Energetics 
To supplement the spectral energetics calculation, we perform 
limited area energetics calculations in the vicinity of blocking highs. 
The purposes of these calculations are to more closely identify whether 
local energy sources or energy fluxes are most important in the region 
of the block and to clarify the spectral results. The limited area 
energetics along with the horizontal plots discussed in the preceding 
section can indicate the location of the large baroclinic and barotropic 
energy processes revealed in the spectral calculation. Specific infor­
mation that we wish to gain from the limited area computation is the 
location of wave-wave energy transfers. For example, the nonlinear 
transfer of intermediate scale kinetic energy to the ultralong waves in 
the zonally averaged spectral domain should manifest itself as a baro-
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tropic transfer of eddy kinetic energy to the mean flow in the limited 
area energy budget (and vice versa). This assumes that the long wave flow 
field is a major factor in determining the structure of the mean flow 
within the limited area. 
The equations governing the energetics within a limited area can 
be obtained directly from the physical domain energy equations. A 
derivation of these equations will not be Included here. 
The eddy kinetic energy equation can be written symbolically 
as: 
is the rate of barotropic transfer of kinetic energy from the mean flow 
to the eddies. 
is the rate of baroclinic energy conversion of eddy potential to eddy 
kinetic energy. 
—6Ï— = V + V + 
F(Itj) = F^ (Kg) + Fy(Kj) + Fp(Kj) 
" • ix Vz - TTw ^  Vz cos* 
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is the boundary flux of kinetic energy, 
F(+E) = Fx(+E) + Fy(*E) + Fp(*E) 
1 Ô 
a cos* 6A 4*2^ 2 
6p 
1 6 
a coscj) "H 
f^ Z ( ) cos# d<}) is 
is the boundary flux of geopotential energy, and D(Kg) is the dissi­
pation of kinetic energy which is treated as a residual.  ^ ~ 
•7—^  ^  ( )dA is the zonal average of the quantity in brackets 
2 " 1 1 ^ 
between longitudes A, and Xr,. [( )] = . ; , . .
1 Z sinçg ~ sin?^  ^  
the meridional average between latitudes and (fig»  ^ Z and E sub­
scripts denote zonal and eddy quantities, respectively, and the other 
notation is conventional. 
The eddy available potential energy equation can be written 
as : 
6 t  ^ ^ ( ^ E '  ^ E ^  ^  F ( A g )  +  G ( A g )  
"^e^ E^ Z 1 6 _ 
where 0(4^ , A^ ) = 
a 6(() L a ôp 
is the rate of conversion of available potential energy from the mean flow 
to the eddies. is the departure of zonal mean temperature within the 
limited area from the hemispheric mean temperature. C(Ag, K^ ) is the 
baroclinic conversion. 
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^<V = + F (Ag) + F (Ag) 
Fx(4) = 1 6 1 a cos(j> ÔX g 
•f  • 
™ 2 
• 
* z 
^(4) = 1 5 1 
a cos# 0<J) 5 V T, 
fz<V = 
« 
Sp 
and G(Ag), the generation of available potential energy, is treated as a 
residual, â is the mean static stability for which a standard value is 
used. 
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IV. A CASE OF HIGH LATITUDE ATLANTIC BLOCKING 
A. Synoptic Behavior 
During the second half of December 1978, a major blocking ridge 
rapidly developed over the North Atlantic Ocean. Preceding the develop­
ment, a high index westerly flow between 40°N and 50°N dominated the 
Northern Hemisphere circulation. On 14 December 1978, strong zonal flow 
at 500 mb existed between 35°N and 50°N across eastern North America and 
the North Atlantic. A weak 541 dam high existed over the Denmark Strait 
at 500 mb. Between 14 and 16 December, this ridge amplified briefly 
ahead of a cyclone-scale trough traveling eastward out of Canada. The 
ridge decayed and moved eastward on 17 and 18 December leaving split 
flow over Great Britain on the nineteenth. 
Meanwhile, a short wave 500 mb trough appeared over the western 
Great Lakes at OOZ 17 December in a region of strong zonal flow. This 
feature developed rapidly into a significant northwest-southeast tilted 
trough over eastern North America by 12Z 18 December (Figure IV.1). 
Strong warm advection is apparent on the downstream side of this trough. 
By OOZ 19 December, a 494 dam closed low was centered just north of 
Maine with a trough extending southeastward over the Atlantic. A ridge 
was building south of Greenland ahead of this trough. The trough had 
acquired a very pronounced northwest-southeast tilt by OOZ 21 December 
(Figure IV.2) and by 12Z of the twenty-first a 563 dam blocking high 
was centered just south of Greenland at 59°N. 
SOOmb 
Figure IV,1. 500 mb heights and temperatures at 12Z 18 December 1978 
Figure IV.2. 500 mb heights and temperatures at OOZ 21 December 1978 
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The block reached maturity at OOZ 22 December as a 568 dam closed 
high centered at 68°N over the Greenland shore of the Denmark Strait. 
The original trough was still northwest-southeast tilted but it had 
greatly weakened. A stable, blocking high remained over Greenland 
centered near 70°N with 500 mb heights ranging from 560 to 569 dam until 
the twenty-eighth. Another short wave trough had developed over south­
eastern Canada by the twenty-second and during the block's mature stage, 
this cutoff low moved south of the Greenland high giving the 500 mb pat­
tern a classic Rex blocking structure (Figure IV.3). Easterly flow along 
60°N began to develop across the North Atlantic on the twenty-second. 
Strong 500 mb easterlies at this latitude persisted throughout the mature 
phase of the block. At 12Z of the twenty-fifth (Figure IV.3), easterlies 
extend from the Norwegian coast to Baffin Island. 
Beginning on roughly 28 December, high latitude retrogression of the 
blocking ridge is evident. At 12Z 29 December (Figure IV.4), the 500 mb 
pattern still resembles Rex blocking, but extension of the 500 mb ridge 
over Baffin Island and the Queen Elizabeth Islands is apparently the 
result of retrogression. 500 mb heights rose as much as 200 m between 
65°N and 80°N over northern Canada from the twenty-fifth to the twenty-
ninth (Compare Figures IV.3 and IV,4). Further height rises in this 
vicinity, particularly over the Beaufort Sea occurred between the twenty-
ninth and the end of the month. By OOZ 1 January 1979, the Atlantic 
block had completely decayed. 
Thus, the development phase of the block was from roughly 19 to 22 
December, the mature phase from 22 to 29 December, and decay occurred 
576-! 
SOOmb / y 
I 
12Z 29 Dec SOOmb 
CC 
Figure IV.4. 500 mb heights and temperatures at 12Z 29 December 1978 
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Figure IV.5. Spectrally filtered Hovmoller diagram of the planetary-scale 
height field (z^  at 70°N for December 1978 (contour 
interval is 100 m, positive values are contoured with solid 
lines, negative values are contoured with dashed lines) 
rapidly from 29 December to 1 January. The synoptic behavior of the case 
is very similar to that described by Berggren et al. (1949). 
The height field of the planetary-scale ensemble gives a good repre­
sentation of the total eddy height field at high latitudes. A spectrally 
filtered Hovmoller diagram of the planetary-scale 500 mb height field 
(z^ _^ ) at 70°N clearly shows the ultralong wave ridge initially develop­
ing on 19 to 22 December and persisting until the end of the month (Figure 
IV.5). Note the apparent retrogression after roughly 27 December. The 
mean longitude of the high center is about 30°W. 
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Although the duration of this block is not as long as some of our 
other cases, its rapid development and large amplitude make it an at­
tractive case study. In addition, as we shall see, the largest energy 
conversions in the entire hemisphere at this time were associated with 
the development of this block. 
B. Energetics 
Before examining the various aspects of the ensemble results for 
this case, let us first consider the time evolution of the energetics of 
the total eddy and zonal components of the circulation. The 1000 mb to 
100 mb vertical integration of the zonal kinetic energy (K^ ), eddy 
kinetic energy (Kg), zonal available potential energy (A^ ) and eddy 
APE (Ag) averaged between 30°N and 80°N are shown in Figure IV.6a. The 
conversions between these quantities are given in Figure IV.6b. The 
chosen zone of integration is particularly appropriate in this case 
because the mature block completely fills the 30°N to 80°N channel 
(Figure IV.3). 
Kg maintained a relatively large, steady value until 14 December 
corresponding to the strong zonal flow in mid-December mentioned earlier. 
Kg dropped sharply from the fourteenth to the sixteenth, eventually 
reaching a minimum on the twentieth. Minimum values of CCAg, Ag) and 
C(Ag, Kg) on the fourteenth and fifteenth correspond to the period of 
rapidly increasing A^ . However, beginning on 15 December, both C(A^ , Ag) 
2 
and C(Ag, Kg) increased dramatically, reaching striking maxima of 'V/ 8 W/m 
on the seventeenth and 6 W/m on the eighteenth, respectively. They 
remained relatively large until the twenty-second after which they 
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tV.6a. Temporal evolution of the vertically integrated (1000-
100 mb) energy cycle for 30°N to 80°N for 14 to 31 December 
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declined sharply. As a result of these baroclinlc processes, declined 
rapidly, and Kg and A^  rose from minima on the 15 and 16 December to 
marked mavima on the nineteenth and twenty-first, respectively. Note the 
striking negative correlation between A^  and Kg that is consistent with 
these conversions. Lejenas (1977) noted a similar energy cycle during the 
development of blocking in the work of previous investigators. 
The decline in K^ , rapid growth and decay of A^  and minima in Kg •. 
and Ag precede the onset of blocking. Very large baroclinic processes 
[CCAjg, Ag) and C(Ag, Kg)], just prior to and during the development stage 
of the block account for the observed increases in Ag and Kg in the 
third week of December, with a much smaller contribution to Kg from 
CCKg, Kg). The largest eddy kinetic energy values correspond to the 
developing phase of the block. Kg declined and remained relatively low 
during the mature stage. 
The ensemble results give a clearer picture of the energetics of this 
case. The vertically integrated energetics of the planetary-scale 
ensemble (wavenumbers 1-4) and the intermediate ensemble (wavenumbers 5-
10) are shown in Figures IV.7 and IV.8, Although roughly equivalent 
contributions to the planetary-scale kinetic energy budget (K^  ^^ ) are 
made by baroclinic, barotropic mean flow and nonlinear wave-wave inter­
actions from 16 to 22 December, the horizontal plots can be used to 
determine which of these processes are directly related to the Atlantic 
blocking. 
The large values of C(Ag, A^  ^ ) and C(A^ _^ , K^  ^ ) on 16 and 17 
December and the C^ Kg, K^  ^ ) maximum on the eighteenth (Figure IV.7) are 
Figure IV.7. Planetary-scale (wavenumbers 1-4) energetics for 14 to 31 
December 1978. The upper part of the figure shows the 
evolution of (solid line) and (dashed line). The 
lower part shows 0(4^ , )^ (thick solid line), C(A^ _^  
Ki-^ ) (dashed line), 1^-4^  (dot-dashed line), and the 
rate of change of  ^due to nonlinear interactions with 
all other waves (thin solid line) 
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Figure ÏV.S. Interniediate-acale (wavenumbers 5-10) energetics for 14 to 
31 December 1978. The upper part of the figure shows  ^
(solid line) and (dashed line). The lower part 
shows C^ Ag, Ag g^) (thick solid line), C(Ag g^) 
(dashed line), C^ Kg, g^) (dot-dashed line) and the rate 
of change of Kg due to nonlinear interactions with all 
other waves (thin solid lines) 
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primarily associated with a deepening ultralong-wave trough over East 
Asia (figures not shown). However, the intermediate-scale kinetic energy 
and energy conversions from 15 to 22 December (Figure IV.8) were con­
centrated over eastern North America and the western Atlantic. The 
intermediate-scale kinetic energy (K^  increased dramatically from a 
minimum on 14 December to a striking maximum on the nineteenth. Kg 
accounted for roughly half of the total eddy kinetic energy which was 
also maximum on that date. The intermediate-scale APE (A^ g^) under­
went a similar but less dramatic increase. These energy increases are 
the result of large baroclinic energy conversions. (^A^ , reached -
2 
a maximum of ^  4 W/m on the seventeenth and C(Ag_^ Q, Kg peaked at 
2 
 ^3.5 W/m on the eighteenth. The larger magnitude of CKA^ , 
than C, 5^_io^  accounts for the increase in Ag_^ Q from 16 to 18 
December. The tendency of these conversions to vary in phase with each 
other is typical of all our calculations. Note that the intermediate-
scale conversions represent most of the total A^ , to Ag and to K^  
conversions before and during the block's development. The decline in 
Ag from 16 to 19 December has a marked negative correlation with the 
increases in A^  and K^  during the same period. 
The major features of the intermediate-scale 500 mb height field at 
12Z 18 December (Figure IV.9a) were a deep, northwest-southeast tilted 
trough extending from eastern North America into the western Atlantic 
with strong cyclone-scale ridges both upstream and downstream of the 
trough. Comparing Figure IV. 9a to the 500 mb synoptic chart for this 
day (Figure IV.1), we see that the position of the trough over eastern 
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Figure IV.9a. 500 mb intermediate-scale height field at 12Z 18 
December 1978 (solid contours indicate positive values 
and dashed contours indicate negative values in this and 
all subsequent polar stereographic projections, contour 
interval is 100 m) 
North America in the synoptic chart corresponds exactly to the inter­
mediate-scale trough position in Figure IV.9a. The cyclone-scale 
baroclinic energy conversion was maximum at this time and 5^-10^  
was concentrated around the eastern North American cyclone system (Figure 
IV.9b). The largest conversion is over Laborador in southeasterly flow 
on the downstream side of the trough. 
CCAg, was also very large at 12Z 18 December. The cyclone-
scale heat transports and therefore C^ Ag, ^ 5-10^  were concentrated 
around the same trough-ridge system. Northward transport of warm air 
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% 
Figure IV.9b. Horizontal distribution of C(Ag_^ Q, ^ 5-10^  500 mb at 
12Z 18 December 1978 (contour interval is 2.5 x 10 ^  m^ /s^ ) 
east of the trough axis and southward transport of cold air west of the 
trough axis can be inferred. By 12Z 19 December, the heat transport 
associated with this trough had increased, especially the northward warm 
air transport on the trough's east side (Figure IV.10a, b), and the 
convergence of the cyclone-scale heat transport had reached the south 
tip of Greenland. The zonal asymmetry of the cyclone-scale heat trans­
port is particularly striking at 850 mb (Figure IV.10a). 
The northwest-southeast tilting of the trough-ridge system caused 
considerable southward transport of westerly momentum (northward transport 
of easterly momentum). The negative cyclone-scale momentum transport at 
12Z of the nineteenth was especially prominent over Newfoundland and south 
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Figure IV.10a. Horizontal distribution of the intermediate-scale heat 
transport (vT^  at 850 mb at 12Z 19 December 1978 
(contour interval is 50°C m/s) 
Figure IV.10b. Horizontal distribution of VT - ^ q at 500 mb at 12Z 19 
December 1978 
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of Greenland (Figure IV.11a). The ultralong wave 500 mb height field at 
this time (Figure IV.lib) shows a diffuse ridge over the North Atlantic 
with the suggestion of easterly (geostrophic) flow from south of Greenland 
to over Hudson Bay (a similar pattern existed at 300 mb). Thus, from 18 
to 22 December there was convergence of cyclone-scale easterly momentum 
into a region of planetary-scale easterly flow (compare Figures IV.11a and 
b). This coincides with the period of large nonlinear interaction between 
the intermediate and planetary-scale waves. A clear negative correlation 
between the planetary-scale and intermediate-scale kinetic energy existed 
from 19 to 23 December, consistent with the diagnosed nonlinear inter­
action (compare Figures IV.7 and IV.8). The period of declining and 
large nonlinear transfer of energy to the rapidly rising from 19 
through 22 December corresponds exactly to the time of the rapid develop­
ment of the North Atlantic blocking. 
Comparison of the intermediate-scale and planetary-scale kinetic 
energy distributions over eastern North America and the North Atlantic on 
the nineteenth and twenty-third supports the contention that intermediate-
scale kinetic energy was transferred nonlinearly to the ultralong waves 
in this region. On the nineteenth, had a very remarkable, zonally 
asymmetric distribution in this area (Figure IV.12a) but was nearly 
nonexistent. By 12Z 23 December, this pattern had reversed. The 
maxima over the Atlantic had completely disappeared. There are no con­
tours over eastern North America or the Atlantic in the plot at the 
time (not shown). However, very large  ^values, associated with the 
blocking high over Greenland, had replaced«the intermediate-scale kinetic 
* 
energy (Figure IV. 12b)'. Easterly flow south of Greenland was particularly 
L 
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Figure IV,lia. Horizontal distribution of the intermediate-scale momentum 
transport (uv^  at 300 mb at 12Z 19 December 1978 
Figure IV.lib. 500 mb planetary-scale height field at 12Z 19 
December 1978 (contour Interval is 100 m) 
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Figure IV.12a. Horizontal distribution of K» 500 mb at 122 19 
2 2 
December 1978 (contour interval is 100 m /s ) 
a 
Figure IV.12b. Horizontal distribution of  ^at 500 mb at 122 23 
December 1978 (contour interval is 100 m^ /s^ ) 
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Figure IV.13. Horizontal distribution of C(A^  at 500 mb at 12Z 
19 December 1978 (contour interval is the same as in 
Figure IV.9b) 
strong. Thus, the mechanism for the large diagnosed energy transfer 
from intermediate to planetary scale was apparently the northward trans­
port of easterly momentum by cyclone waves into a region of planetary-
scale easterly flow over the North Atlantic, resulting in the acceleration 
of the easterly flow. 
At 12Z 19 December when the blocking ridge was rapidly developing, 
the large-scale C(A^  was divided between the North Pacific 
sector and a maximum just south of Greenland (Figure IV.13). The large-
scale ascent of warm air south of Greenland could have been forced by 
the strong cyclone-scale heat flux convergence in this area in a manner 
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similar to that proposed by Gall et al. (1979). In any event, the 
source of provided by the nonlinear interaction was as large or 
larger than the baroclinic source when the block was developing from 19 
through 22 December (Figure IV.7), but the baroclinic conversion was 
distributed in various locations during this time. Therefore, we can 
conclude that the nonlinear interaction was the primary source for the 
kinetic energy of the block. 
The equivalent barotropic structure of the ultralong waves over 
the Atlantic during the block's development is shown by comparing the 
planetary-scale height and temperature fields. At 12Z 19 December, the 
weak ridges in the 500 mb height and temperature fields over the Atlantic 
were in phase. Even after the block had reached maturity at 12Z 23 
December, the amplified and T^ _^  ridge axes over Greenland were still 
almost exactly in phase at 500 mb (compare Figures IV.14a and IV.14b), 
as well as at 850 mb and 300 mb. Notice the very large increase in the 
amplitude of the height field over Greenland from the nineteenth to the 
twenty-third (compare Figures IV.lib and IV.14a). The temperature field 
experienced a correspondingly large amplification. 
A maximum in the planetary-scale APE on 22 and 23 December corre­
sponds to the time when the thermal ridge associated with the Atlantic 
block had its greatest amplitude. A major source of this APE was pro­
vided by the excess of C(Ag, A^ _^^ ) over C(A^  )^ between 12Z 19 
December and OOZ 23 December (Figure IV.7). The C(A2, A^  ^ ) maximum 
on the twenty-second was associated with significant planetary-scale 
heat transports in the vicinity of the block (Figure IV.15), although 
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Figure IV.14a. 500 mb planetary-scale height field (z^  at 12Z 23 
December 1978 (contour interval is 100 m) 
• • / y  N/aV Y  
t 
Figure IV.14b, 500 mb planetary-scale temperature field at 12Z 
23 December 1978 (contour interval is 5°C) 
67 
Figure IV.15. Horizontal distribution of the planetary-scale heat trans­
port 
 
(vT. ,) at 500 mb at 12Z 21 December (contour Interval  
is 50*C m/s) 
part of the marked northward warm air transport centered over Baffin Bay 
at 500 mb is counterbalanced by southward transport just east of 
Greenland. However, there is unmistakably a large net positive contribu­
tion to  ^in this region. This viewpoint is supported by the buildup, 
noted earlier, of the planetary-scale thermal ridge over Greenland 
between 19 and 23 December. 
An additional source of A^ _^  during the development phase was the 
nonlinear transfer of intermediate-scale APE to the ultralong waves. 
Normally, the planetary waves export APE to smaller scales but small 
positive contribution of A^  to A^ _^  was maintained from OOZ 19 December 
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to OOZ 21 December (not shown). The cyclone-scale heat transports over 
the western Atlantic with their attendant A^  to A^  conversion were 
apparently followed by a transfer of some Ag_^ Q to the planetary waves. 
(Note the decline in Ag_^ Q during this time in Figure IV.8.) The 
positive Ag to A^ _^^  transfer in this region was evidently large 
enough to more than counterbalance the normal negative transfers that 
were most likely occurring in the rest of the hemisphere, thus yielding 
the net positive transfer in the zonally averaged energetics. 
The nonlinear interactions that forced the development of the 
Atlantic block dropped to zero on 23 December by which time the planetary-
scale kinetic energy was very large (Figure IV.12b) and an amplified 
ultralong wave ridge was in place over Greenland (Figure IV.14a). Notice 
the very obvious wavenumber 1 pattern north of 60°N in Figure IV.14a. 
All of the large-scale energy conversions fell to nearly zero on 
23 and 24 December and declined rapidly (Figure IV.7). No signifi­
cant net energy sources are apparent in the vicinity of the block 
throughout its mature phase. The offsetting positive and negative 
planetary-scale heat transports over Greenland at 12Z 25 December (Figure 
IV.16) are typical of the opposing heat and momentum transports, and 
C(A^ _^ , K^ _^ ) conversions that occurred near the block during the mature 
phase. The kinetic energy around the block declined markedly during the 
early part of the mature phase. However, the amplitudes of the planetary-
scale height and thermal ridges over Greenland remained high from 22 to 
28 December. The z^  ^  and T^  ^  ridges remained approximately in phase 
over Greenland during this period. 
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Figure IV.16. Horizontal distribution of vT. 
December 1978 
at 500 mb at 1-4 
By 12Z 28 December, the kinetic energy around the block had 
diminished further and the block had begun to retrograde across northern 
Canada (Figure IV.17). Wavenumber 1 was still dominant at high lati­
tudes and it appears that the entire wavenumber 1 pattern was retrograd­
ing north of 60°N. The Greenland thermal ridge was still fairly strong 
on the twenty-eighth but by 30 December the effects of retrogression had 
greatly diminished the Greenland block. Southward transport of warm 
air by the large-scale flow at 850 mb and 500 mb just south of Greenland 
on 30 December -may also have aided the decline of the block. This 
southward heat transport was the result of the retrograde height wave 
moving out of phase with the thermal wave. 
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Figure IV.17. at 500 mb at 12Z 28 December 1978 
In the last few days of December, the large planetary-scale energy 
conversions (Figure IV.7) are associated with developments in the Pacific 
sector that will be discussed in the next chapter. Intermediate-scale 
processes were unimportant during the block's mature and decay phases. 
Corroboration of the nonlinear forcing of the block's development 
can be gained from the limited area energetics. We calculated the 
energetics within the sector bounded by 85°W, 20°W, 35®N and 75°N. This 
region contains the blocking high as well as the cyclone system that 
preceded it. The results of this calculation are given in Figure IV.18. 
The maxima in eddy kinetic energy and eddy APE on the nineteenth, and 
large values of CC&g, Ag) and C(Ag, Kg) from 18 to 22 December in the 
limited area correspond very closely to the intermediate-scale ensemble 
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Figure .IV. 18. Limited area energetics for the area bounded by 85°W, 
20°W, 30°N, and 75°N 
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results (compare Figure IV.8 with IV.18). The large east-west flux of 
Kg around the nineteenth was largely the result of cyclone-scale Kg 
entering the western boundary of the limited area. This area did not 
include the western end of the eastward moving cyclone-scale trough-ridge 
system. The K^  maximum over eastern Canada at 12Z 19 December (Figure 
IV.12a) moved into the limited area during the preceding 24 to 48 hours 
resulting in the observed Kg flux in the limited area energetics. The 
very large transfer of eddy kinetic energy to the mean flow that followed 
the Kg maximum corresponds to the nonlinear transfer of intermediate-scale 
kinetic energy to the planetary waves in the spectral calculation (again, 
compare Figure IV,18 to IV.8). The area used in the limited area energet­
ics calculation equals roughly 1/6 of the spectral domain, and the magni­
tude of c^ Kg, Kg) within the limited area was about six times the 
magnitude of the nonlinear Kg transfer in the spectral calculation. Thus, 
the limited area energetics confirms that the location of the large non­
linear interaction from 18 to 23 December 1978 was over eastern North 
America and the western Atlantic. This result strengthens our argument 
that the resulting blocking ridge was forced primarily by this nonlinear 
interaction. 
The most prominent zonal harmonic waves during the period of block­
ing were wavenumbers 1 and 3. Wavenumber 1 kinetic energy (not shown) 
grew between 17 and 23 December almost exclusively due to wave-wave 
interactions. Wavenumber 3 kinetic energy grew steadily from 13 to 22 
December after which it dropped very sharply. Wavenumber 3 accounted 
for most of the large-scale C(A2, Ag) as well as the large-scale baro-
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clinic and barotropic conversions. C(Ag, Kg), CCK^ , K^ ) and nonlinear 
interactions made roughly equal contributions to the growth of wave-
number 3. 
We have not presented the energetics results at specific levels 
because they resemble the vertically integrated results. As one might 
expect, barocllnic conversions in both ensembles were largest at 500 mb. 
The kinetic energy and the barotropic mean flow and wave-wave inter­
actions are largest in the upper troposphere (300 mb or 250 mb). The 
temporal evolution of these quantities at the respective levels generally 
correspond to the vertically Integrated results presented here. 
In summary, the development of this case of Atlantic blocking was 
preceded by a high index circulation with a large barocllnic instability 
as indicated by a large value of Ag. The nonlinear transfer of kinetic 
energy from barocllnlcally active cyclone-scale waves to the barotropic 
planetary-scale waves played a fundamental role in the development of the 
block. The marked zonal asymmetry of the cyclone-scale heat transports 
coupled with large-scale zonal to eddy APE conversion caused the amplifi­
cation of the thermal ridge associated with the block. 
The ultralong wave kinetic energy around the block was maximum at 
the time the block reached its mature stage. During its mature stage, 
no active energy conversions were apparent in the vicinity of the block 
and declined. The decay of the block was directly linked to the 
westward retrogression of the height wave. Slight barocllnic damping may 
have aided the block's demise. 
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The energy cycle during the development of this nonlinearly forced 
case can be summarized schematically as follows: 
The dotted arrows represent relatively smaller magnitude energy conver­
sions . 
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V. A CASE OF PACIFIC BLOCKING 
A. Synoptic Behavior 
Development of a major blocking ridge over Alaska and the eastern 
Pacific in late December 1978 and early January 1979 closely followed 
the development of the December 1978 Atlantic block discussed in 
Chapter IV. The Pacific block could be viewed as a westward redevelop­
ment of the earlier feature. On 30 December, for example, splitting 
of the westerly flow at 500 rab extended from the central Pacific all the 
way to Europe and included the region occupied earlier by the Atlantic 
blocks. We will treat the Pacific blocking as a new development, keeping 
in mind the possible importance of the retrogression of the blocking 
ridge across northern Canada. The Pacific block developed during the 
decay phase of the Atlantic ridge, and its development may have been 
associated with the retrogression. 
At 12Z on 25 December 1978 westerly flow at 500 mb existed between 
30°N and 60°N from central Asia to south of Kamchatka where the westerly 
current narrowed. The strongest westerlies in the eastern Pacific were 
between 50°N and 60°N across the Bering Sea and the Alaskan Gulf. A mean 
ridge was present over the eastern Pacific off the U.S. West coast. A 
weak split of the westerly flow formed along the International Dateline 
at 40°-45°N on the twenty-sixth. 
By 12Z 20 December, a ridge had amplified along 140°W extending 
from ~ 45°N northward over the Alaskan peninsula. A cyclone-scale 
trough had progressed to the western end of the Aleutian chain and 
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an ultralong wave trough was developing over East Asia with cold advection 
on its western side. A major closed low had formed in southwestera Canada 
in response to cold air plunging southward on the lee side of the Pacific 
ridge, and, as noted in Chapter IV, the Atlantic block showed signs of 
retrogression at this time. At 12Z 30 December (Figure V.l), there was 
further indication of retrogression of high 500 mb heights across northern 
Canada. The East Asian large-scale trough had deepened noticeably while 
the Aleutian trough weakened and filled. The pattern over the Pacific 
qualifies as blocking on this date. 
A closed 557 dam high was positioned over Alaska at OOZ 1 January 
1979. In the previous three days, the East Asian trough had progressed 
eastward out of Siberia and was centered just east of Kamchatka on the 
first. Between 1 and 4 January further amplification of the Alaskan high 
took place. A 565 dam closed high appears over the Alaska-Canada border 
at OOZ 4 January (Figure V.2). The pattern during this period can be 
called an omega block because of the deep ultralong wave lows over the 
Bering Sea and Hudson Bay flanking the high centered at 65°N, 140°W. 
The 500 mb height over Alaska remained at or above 560 dam from the 
fourth through OOZ of the eighth (Figure V.3). The ridge developed a pro­
nounced northwest-southeast tilt during this time and movement of the 
Bering Sea low to south of the Aleutian Islands gives the pattern the 
appearance of strong. Rex blocking. Easterly 500 mb flow existed south 
of Alaska and across the Bering Sea from roughly 6 through 11 Januairy. 
Another ultralong wave trough began to progress slowly eastward 
from northeast Siberia on 8 January, reaching a maximum depth of 472 dam 
500mb 
Figure V.l. 500 mb heights and temperatures at 12Z 30 December 1978 
500mb 
Figure V.2. 500 mb heights and temperatures at OOZ 4 January 1979 
I 
y OOZ 
8 Jan 1979 SOOmb 
Figure V,3. 500 mb heights and temperatures at OOZ 8 January 1979 
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just off the Siberian coast at OOZ 11 January. Concurrently, the block 
began to decay and by 12 January it had weakened considerably (Figure 
V.4). Westerlies had reestablished themselves across the Pacific and 
the high center had moved north of Alaska and lost amplitude. Remnants 
of the ridge completely disappeared over the next 3 to 4 days as the 
Siberian low continued its slow eastward progression. 
During the first week of January when the Pacific block was in its 
mature stage, strong cyclogenesis occurred over eastern North America 
followed by the development of an ultralong wave midlatitude ridge over 
the Atlantic. 
The longitude versus time section of the planetary-scale height field 
(wavenumbers 1-4) at 60°N (Figure V.5) clearly shows the stationary 
position of the blocking ridge along 140°W throughout its life cycle. 
Note the troughs both upstream and downstream of the blocking ridge dur­
ing its mature stage (30 December to 8 January). There is evidence of 
the eastward progression of the ultralong-wave Siberian trough from 8 to 
16 January into the longitudes that had been occupied by the blocking 
ridge. The retrogression of high heights across northern Canada during 
the block's initial stages is not well represented in this figure. 
However, this retrograde motion is evident in the longitude-time section 
at 70°N (Figure IV.5). 
Summarizing, the initial growth of the Alaskan ridge occurred from 
roughly 26 to 30 December 1978. Further development of the mature 
blocking ridge took place from 30 December to 4 January 1979. The block 
remained in its mature stage from 4 January until roughly 8 January. 
SOOmb OOZ 12 Jan 1979 
Figure V.4. 500 mb heights and temperatures at OOZ 12 January 1979 
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Figure V.5. Spectrally filtered Hovmoller diagram of the planetary-scale 
height field (z__,) at 60°N for 20 December 1978 to 20 
January 1979 
The decay phase lasted from the eighth through the twelfth with the 
former block's complete demise accomplished by 16 January. 
B. Energetics 
The time history of the vertically integrated energy cycle for 
the zonal mean and eddy components of the flow during the December 1978 -
January 1979 Pacific blocking is given in Figures V.6a and V.6b. 
Steadily increasing baroclinic processes consistent with rising Kg and 
declining Ag, coupled with a relatively large transfer of mean flow 
kinetic energy to the eddies mark the energy cycle during the block's 
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Figure V.6a. Temporal evolution of the vertically integrated energy cycle 
between 3n°N and SCN for 24 December 1978 to 12 January 
1979 
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developing phase in the last few days of December. C^ Ag, A^ ) and 
C(Ag, Kg) increased steadily from 25 December to 1 January, while 
C(K_, K_) was strongly positive from the twenty-eighth to the first. 
Z Li 
Most of the dramatic energy conversions that caused the marked 
changes in A^ , A^ , and during the block's mature stage from 2 through 
8 January were related to developments downstream from the Pacific ridge. 
After 8 January as the Pacific block decayed, rose slowly while 
Ag declined. The negative value of CfKg, K^ ) during this period may 
explain the Kg increase. Only a slight increase in Ag and Kg accompany 
the CfAg, Ag) and C(Ag, Kg) maxima on the ninth. Notice that Ag is 
negatively correlated with both Ag and Kg throughout the block's history. 
This relationship emphasizes the importance of baroclinic processes in 
the zonally averaged energetics during this period. 
The ensemble results for this case reveal several interesting 
features (Figures V.7 and V.8). The planetary waves account for the large 
majority of the total energy conversions shown in Figure V.6b for late 
December. The planetary-scale kinetic energy was steady from 26 through 
28 December (Figure V.7), but it rose sharply from the twenty-ninth to the 
thirty-first. Large-scale baroclinic processes [C^ Ag, A^ _^ ) and 
C(A^  K^ _^ )] were very large in the last six days of December. On the 
twenty-sixth and twenty-seventh, negative barotropic mean flow and wave-
wave interactions counterbalance the baroclinic kinetic energy generation. 
However, from the twenty-eighth through the thirty-first, C^ Kg, K^  ^ ) 
became strongly positive and the nonlinear interaction remained near zero 
allowing the very large C(A^ _^ , K^  ^ ) (3.3 W/m maximum) and the large 
Figure V.7. Planetary-scale energetics for 24 December 1978 to 12 
January 1979. The upper part of the figure shows 
(solid line) and  ^(dashed line). The lower part shows 
C(Ag, A^ _^ ) (thick solid line), C(A^  )^ (dashed line), 
C(K2, )^ (dot-dashed line), and the rate of change of 
 ^due to nonlinear interactions with all other waves 
(thin solid line) 
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Figure V.8. Intermediate-scale energetics for 24 December 1978 to 12 
sr part of the figure shows 
(dashed line). The lower part shows 
January 1979. The uppe 
(solid line) and 
C^ Ag, Ag ^ g) (thick solid line), 0(2^ ^^ , g^) (dashed 
line), C(K2, g^) (dot-dashed line) and the rate of change 
of Kg due to nonlinear interactions with all other waves 
(thin solid line) 
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2 CCKg, (2.1 W/m maximum) to cause the large-scale kinetic energy to 
increase sharply. 
The large values of the ultralong wave baroclinic energy conversions 
in late December 1978 were primarily associated with developments over 
the North Pacific and East Asia. Substantial southward transport of 
cold air under the ultralong wave East Asian trough and northward trans­
port of warm air over Alaska and the Bering Strait had developed by 
28 December. The horizontal plots for 12Z 30 December are representative 
of the 28 to 31 December period when large-scale baroclinic and baro-
tropic processes were quite large. The plots for the planetary-scale 
ensemble clearly demonstrate the locations of these energy conversions. 
The East Asian planetary-scale low was centered just south of 
Kamchatka at 12Z 30 December and the retrograde ridge over Alaska had 
begun to amplify (Figure V.9). CCA^ , A^  was near a marked maximum on 
this date (Figure V.7) and the most significant ultralong wave heat trans­
ports through the depth of the troposphere were over the Bering Sea and 
along the Asian coast, west of the planetary-scale trough axis. The 
northward transport of warm air is particularly strong at 850 mb and 
500 mb (Figure V.IO) over the Bering Sea. Comparison of the heat trans­
port with the 500 mb planetary-scale ensemble temperature pattern 
(Figure V.ll) shows that the planetary-scale eddy heat flux convergence 
is acting to further amplify the thermal pattern by transporting warm 
(cold) air into the region of the thermal high (low). This is consistent 
with the large observed C^ Ag, A^  ^ ). 
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Figure V.9. 500 mb planetary scale height field at 12Z 30 
December 1978 
The large-scale baroclinic energy conversion at 500 mb (Figure V.12) 
shows a very strong energy conversion in ascending warm air over the 
Bering Sea. A broad area of positive energy conversion is associated 
with sinking cold air beneath the East Asian trough. Comparing the 
500 mb planetary-scale height and temperature fields at 12Z 30 December 
(Figures V.9 and V.ll), we see that the phase of the temperature field 
is shifted to the west of the height field. [The phase shift is more 
obvious in the lower troposphere (not shown).] This phase shift is con­
sistent with the observed heat transports and C(A^  ^ noted above, 
and clearly demonstrates the baroclinic structure of the ultralong waves 
over the Pacific during the initial development of the block. 
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Figure V.IO. Horizontal distribution of the planetaryrscale heat trans 
port (vT^  at 500 mb at 12Z 30 December 1978 
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Figure V.ll. 500 mb planetary-scale temperature field at 12Z 
30 December 1978 
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Figure V.12, Horizontal distribution of C(A. 
30 December 1978 
500 mb at 12Z 
In addition, the planetary-scale ensemble's 300 mb momentum trans­
port (Figure V.13) shows strong northward transport between 25°N and 40°N 
south and east of Japan on the south side of the East Asian trough. This 
suggests that the majority of the diagnosed transfer of Kg to the ultra-
long waves occurred in conjunction with the intensification of the East 
Asian low. 
The effect of these energy conversions on the planetary-scale kinetic 
energy budget is shown in the  ^distribution over the Pacific at 12Z 
31 December (Figure V.14) when was at a maximum. The large values of 
in the vicinity of the blocking high over the Aleutian Islands, the 
Bering Straits, and north of the Bering Straits are primarily from the 
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Figure V.13. Horizontal distribution of uv_ , at 300 mb at 12Z 30 
December 1978 
Figure V.14. Horizontal distribution of K._, at 500 mb at 12Z 31 
December 1978 
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baroclinic sources. The very large values in east of Japan associ­
ated with intensification of the Japan jet are due to both barotropic 
and baroclinic processes. The corresponding  ^distribution at 12Z 
28 December (not shown) has only very weak maxima over extreme north­
western Siberia and southwest of Japan. 
Intermediate-scale processes in the Pacific sector were of little 
- • 1 I'X 
importance during this period (Figure V.8). The only noticeable cyclone 
wave processes were associated with the trough south of Alaska that is 
visible in the synoptic chart for 12Z 30 December (Figure V.l). This 
trough played no discernible role in the initiation of the block. 
Further amplification of the block occurred between 31 December 1978 
and 4 January 1979. C(Ag, remained relatively strong during this 
period, reaching another marked maximum at 12Z 3 January, but C(A^  
and C^ K^ , dropped sharply on 31 December and 1 January, 
respectively (Figure V.7). The ultralong wave 500 mb high was strongly 
amplified at OOZ 4 January with a deep low over Hudson Bay and a ridge 
over the Atlantic (Figure V.15). The East Asian trough had progressed 
further eastward and filled. It was located southwest of the block at 
this time. [Note the correspondence of these features with those in the 
synoptic chart at this time (Figure V.2).] 
Very strong planetary-scale heat transports existed over Alaska 
and the Bering Straits at OOZ 4 January on the upstream side of the 
blocking ridge, especially at 850 mb and 500 mb (Figure V.16). Warm air 
was transported northward into the region of the thermal high associated 
with the block (Figure V.17). The greater amplitude of the Alaskan 
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Figure V.15, 500 mb planetary-scale height field (z^  at OOZ 4  
January 1979 
thermal ridge at 500 mb on 4 January (Figure V.17) compared with 30 
December (Figure V.ll) shows the cumulative effect of the large-scale 
heat transports and the resultant positive C^ Ag, in this region. 
Comparison of the planetary-scale height and temperature fields at OOZ 
4 January (Figures V.15 and V.17) shows that there is still a slight 
phase shift of 10-15° longitude between the two. The phase shift is more 
noticeable at 850 mb (not shown). The continued existence of the phase 
lag is consistent with the planetary-scale heat transports on this date 
and is further evidence of the baroclinic nature of this blocking ridge. 
The large-scale baroclinic conversion near the block had off­
setting positive and negative contributions upstream and downstream of 
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Figure V.16, Horizontal distribution of vT 
January 1979 
at 500 mb at OOZ 4 
Figure V.17. 500 mb planetary-scale temperature field (T. ,) at OOZ 
4 January 1979 
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 ^at 500 mb at 12Z 5 January Figure V.18. Horizontal distribution of K. 
1979 
the ridge axis, respectively. The pattern is typical of the C(A^  
K^ _^ ) distribution near the ridge during the block's mature stage. 
Nothing particularly unusual had occurred in the intermediate-scale 
energy until the significant maximum on 3 January (Figure V.8). 
This peak was caused by baroclinic processes and was followed by a very 
large transfer of intermediate-scale kinetic energy to the planetary 
waves. The large build up of cyclone-scale kinetic energy in early 
January and the large nonlinear transfer of this energy to the planetary-
scale waves from 2 to 6 January took place over eastern North America 
and the Atlantic (not shown). The large increase in over the 
Atlantic sector at 12Z 5 January (Figure V.18) is evidence of this inter-
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at 500 mb at 12Z 7 Figure V.19. Horizontal distribution of vT 
January 1979 
1-4 
action. Thus, the large, diagnosed nonlinear interaction during the 
block's mature phase had nothing to do with maintaining the Pacific block. 
The sharp drop in and increases in and Kg from 2 to 8 January 
(Figure V.6) were associated with these Atlantic developments. 
Meanwhile, all large-scale energy conversions and transfers fell to 
near zero on 6 January as  ^dropped sharply to a minimum on the ninth. 
Offsetting positive and negative heat transports (and C(A^ _^ , )^) on 
the upstream and downstream sides of the high were typical during the 
block's mature stage. However, by 12Z 7 January southward warm air 
transport over northwestern Canada exceeded the positive contribution over 
the Bering Straits (Figure V.19). This transport is consistent with the 
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Figure V.20a. 500 mb planetary-scale height field at 12Z 7 
January 1979 
Figure V.20b.  ^at 500 mb at 122 13 January 1979 
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phase structure of the planetary-scale height and temperature fields 
(not shown). The axis of the ridge in the height field over Alaska had 
moved slightly to the west of the thermal ridge axis resulting in the 
observed net southward heat transport. The amplitude of the large-scale 
height and temperature waves on the seventh was quite large, but by 
9 January, the maximum height (z^  near Alaska had moved north of the 
peninsula and had fallen by about 100 meters. 
The large values of CCAg, A^ _^ ) and C(A^  on 8 through 10 
January were associated with a progressive ultralong wave trough that was 
over eastern Siberia and the western Pacific, This trough development 
caused the transition of the large-scale pattern over the Pacific from 
strong blocking on the seventh and eighth (Figure V.20a) to a pattern 
dominated by an extensive, northwest-southeast tilted East Asian trough 
on the thirteenth (Figure V.20b). 
In summairy, the initial development of the Pacific block in late 
December 1978 was the result of very significant, planetary-scale baro-
clinic processes [C^ Ag, and C(A^  )^]. It appears that the 
development was triggered by the retrograde surge of high heights across 
northern Canada from the North Atlantic in late December. Additional 
amplification of the block from 31 December to 4 or 5 January 1979 was 
due to large-scale heat transports. During the block's mature phase 
(4 to 8 January), the zonally averaged energy conversions were 
quite small and no active energetics processes were occurring in the 
vicinity of the block. Decay of the block may have been partially due 
to baroclinic damping. The baroclinic development of a prograde East 
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Asian ultralong wave trough coincided with the block's decay phase. 
This active trough development and its eastward progression in particular 
appears to have destroyed the energetically inactive block. 
The energy cycle during the development of this case of Pacific 
blocking can be summarized schematically as follows: 
h-  ^4-4  ^^1-4 
Here again, the dotted arrow represents a smaller magnitude conversion. 
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VI. A KEDLATITUDE RIDGE CASE 
A. Synoptic Behavior 
A strongly amplified mid-ocean ridge developed in late December 
1977 over the North Atlantic. The highest 500 mb heights associated 
with this ridge were in the middle latitudes between 40°N and 50°N. 
Midlatitude, large-scale ridges of this type are not uncommon (Elliott 
and Smith, 1949), but they do not satisfy Rex's (1950a) subjective 
definition of blocking. Rex would refer to this type of feature simply 
as an amplified wave. This particular ridge did not exhibit a splitting 
of the westerly current and its duration was less than ten days. How­
ever, it did cause a sharp transition from zonal to meridional flow and 
it impeded the normal eastward propagation of shorter scale waves. We 
will treat middle latitude ridges as a separate class of blocking 
phenomenon. Their development and five to seven day life-cycle can have 
a significant effect on the regional weather pattern and, therefore, they 
are important to the problem of medium range forecasting. 
On 24 December 1977, a 491 dam low centered over Hudson Bay dominated 
the flow field over Canada and zonal flow appeared across the North 
Atlantic. A cyclone-scale trough developed from the west side of the 
Hudson Bay low and by 26 December a ridge began to form over the western 
and central Atlantic (Figure VI.1) in warm advection ahead of the north 
northwest-south southeast tilted trough over Canada. The ridge reached 
its mature stage by OOZ 28 December and maintained a maximum 500 mb 
height of 591 to 594 dam centered at 45° to 49°N, 30°W from the twenty-
Figure Vï.l. 500 mb heights and temperatures at 12Z on 26 December 1977 
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eighth through OOZ 30 December. The synoptic pattern at OOZ 29 December 
(Figure VI.2) shows the ridge during its mature stage. Due to the 
persistent large-scale trough over eastern Canada, the pattern at this 
time could be characterized as an omega block. 
Cold air moving southward amplified the trough centered over Portugal 
in Figure VI.2, and this low moved southwestward over the next two days. 
Decay of the ridge began about 12Z 30 December, continuing through the 
thirty-first. By 1 January 1978, a higher index flow was reestablished 
over the Atlantic. 
The duration of this ridge was roughly five to six days. This is 
considerably shorter than the higher latitude blocks discussed in the 
previous two chapters. The longitude versus time section of the planetary-
scale height field at 50°N is given in Figure VI.3. The existence of the 
deep Hudson Bay low and an eastern Pacific ridge throughout the Atlantic 
ridge's life-cycle is clearly indicated. The growth phase of the ridge 
occurred on 26 and 27 December followed by a roughly three day mature 
stage, 28 to 30 December, with rapid decay thereafter. 
B. Energetics 
The temporal evolution of the energy cycle for the last two weeks of 
December 1977 is given in Figures VI. 4a and VI. 4b. The largest eddy 
kinetic energy values of this period correspond to the life-cycle of the 
Atlantic ridge. Beginning on 26 December, A^  dropped sharply while Kg 
rose rapidly and Ag increased slightly. This pattern reverses on the 
twenty-seventh as A^  rose sharply regaining its previous large value and 
SOOmb 9^-10 
Figure VI. 2. 500 mb heights and to/»,,, ratures at OOZ 29 December 1977 
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Figure VI.3. Spectrally filtered Hovmbller diagram of  ^at 50°N for 
16 December 1977 to 15 January 1978 (contour interval is 
100 -m) 
Kg dropped off. declined slightly just before and during the ridge 
development. Very large values of C^ Ag, Ag) and C(Ag, Kg) coincide with 
the Ag decline and Kg increase on 26 and 27 December. Other maxima of 
CCAg, Ag), C(Ag, Kg) and C(Kg, Kg) precede the ridge development. 
The results for the planetary-scale and intermediate-scale ensembles 
are given in Figures VI.5 and VI.6 respectively. Two distinct Kg_^ Q 
maxima occur on 23 and 27 December as the result of baroclinic con­
version maxima on the twentieth and twenty-sixth. Both of these Kg_^ Q 
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Figure VI.4a. Temporal evolution of the vertically Integrated energy 
cycle between 30°N and 80°N for 20 December 1977 to 8 
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Figure VI.7. Horizontal distribution of at 500 mb at OOZ 27 
December 1977 
maxima decayed largely as a result of nonlinear transfer of kinetic 
energy to the ultralong waves. This transfer began on 22 December 
reaching a maximum on the twenty-fourth with a secondary maximum on 
the twenty-sixth. The energy conversions before 25 December were not 
related to the blocking ridge development, but from 25 to 27 December, 
cyclone-scale kinetic energy built up baroclinically over eastern North 
America. A significant portion of the maximum on the twenty-
seventh was distributed over eastern Canada (Figure VI.7). 
rose sharply from a minimum on 22 December to a maximum on 
the twenty-seventh. The major source of this energy was the nonlinear 
interaction with intermediate-scale waves, particularly on 23 and 24 
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December. C(A^  reached a maximum when the Atlantic ridge was 
developing on the twenty-seventh. A large-scale kinetic energy maximum 
developed over eastern Canada and the northwestern Atlantic between 
25 and 28 December, coincident with the amplification of the mid-ocean 
ridge. The source of this  ^is partially nonlinear transfer from 
the cyclone-scale waves and partially large-scale baroclinic conversion. 
The intermediate-scale kinetic energy over the Laborador coast at OOZ 
27 December (Figure VI.7) completely disappeared by 12Z of the twenty-
eighth. Meanwhile, the large-scale kinetic energy in the same area on 
the twenty-eighth (Figure VI.8) developed over the previous two days, 
thus suggesting a nonlinear interaction. Marked large-scale baroclinic 
energy conversion occurred over the Davis Strait area on 27 December 
(Figure VI.9), but most of the C(A^ _^ , maximum on that date took 
place over the North Pacific. 
C^ Ag, and C^ Ag, A^  also reached maxima during the ridge's 
development phase on 26 and 27 December, respectively. Signifi­
cant large-scale and intermediate-scale heat transports occurred along 
the east coast of North America on 26 and 27 December (Figures VI.10 and 
VI.11). The Ag to Ag conversion associated with these heat transports 
account for only a portion of the '^ 5 10^  C^ Ag, maxima 
on 26 and 27 December. Although most of cyclone-scale heat transports 
occurred over the Atlantic, the most significant contribution to 
was taking place over the Pacific in association with the ampli­
fication of an eastern Pacific blocking ridge and an East Asian trough 
(see Appendix). Ag_^ Q was transferred nonlinearly to A^ _^  at a rate of 
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Figure VI.8. Horizontal distribution of K__, at 500 mb at 12Z 28 
December 1977 
Figure VI.9. Horizontal distribution of C(A. ,, K. ,) at 500 mb at OOZ 
27 December 1977 
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Figure VI.10. Horizontal distribution of vT. , at 500 mb at OOZ 27 
December 1977 
Figure VI.11. Horizontal distribution of VT-_,q at 500 mb at OOZ 27 
December 1977 
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nearly 1 watt/m on 27 December (not shown) which also aided amplifica­
tion of the mid-Atlantic thermal ridge. The and waves over the 
central Atlantic amplified just downstream of the large heat transports in 
the western Atlantic. 
During the ridge's mature phase, 28 through 30 December, large-
scale energy conversions dropped to relatively low values as Ag 
increased and declined. A net positive C(A^  K^ _^ ) continued 
over the North Atlantic during the block's mature stage, while positive 
and negative large-scale heat transports over the northwestern and 
northeastern Atlantic, respectively, were largely offsetting. By 12Z 
29 December, baroclinic damping appeared just south of Iceland. Fairly 
low energy conversions persisted through the ridge's decay phase for 
both large-scale and intermediate-scale ensembles. 
An intermediate-scale high centered at 45°N, 35°W at 12Z 28 December 
(Figure VI.12) coincided exactly with the position of the blocking ridge 
in synoptic charts on this date as well as with the ultralong wave 
ridge position (Figure VI.13). This intermediate-scale ridge developed 
over the western Atlantic on 26 and 27 December in the same area as the 
marked cyclone-scale northward warm air advection (Figure VI.11), and 
moved eastward across the Atlantic to its position on the twenty-eighth. 
This eastward progression continued until the ridge was located over 
western Europe on 1 January 1978. The decline of intermediate-scale 
500 mb heights over the central Atlantic coincided with the decay of the 
blocking ridge. A weakened ultralong wave ridge persisted in the eastern 
and central Atlantic after 31 December and associated with strong 
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Figure VI. 12. 500 rab intermediate-scale height field (z^ . at 12Z 
28 December 1977  ^
t 
Figure VI.13. 500 mb planetary^ ecale height field (z__,) at 12Z 28 
December 1977 
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westerlies across the North Atlantic remained significant after the 
block's decay. 
Thus, this midocean ridge is not well-represented by the planetary-
scale ensemble alone. Although the ultralong wave amplitude over the 
Atlantic was much larger, the intermediate-scale waves must be considered 
also. The planetary wave ensemble provides an excellent representation 
of high latitude blocks as we have seen in Chapters IV and V, but our 
method of forming zonal harmonic wave ensembles appears to be of only 
limited utility in examining middle latitude ridges. This is partly 
because the ridge position with maximum heights between 40°N and 50°N is 
in a zone where intermediate-scale processes dominate. 
Summarizing, the growth of the ridge was apparently due to a com­
bination of intermediate-scale processes, cyclone-scale forcing of 
planetary waves through nonlinear transfer of both kinetic and available 
potential energy to the ultralong waves, and large-scale baroclinic 
conversions. The decay of the block coincides with the intermediate-
scale ridge moving out of phase with the ultralong wave ridge over the 
Atlantic coupled with a decline in the amplitude of the large-scale 
feature. Shorter-scale waves are known to progress eastward more 
rapidly than large-scale waves so this characteristic along with 
dispersive effects (Yeh, 1949) may explain the short duration of the 
mid-Atlantic blocking ridges. 
A noteworthy residual effect of the ridge development is the in­
creased strength of the westerly flow over the North Atlantic that is 
primarily represented by the planetary-scale waves. This net acceler-
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atlon of the westerlies over the ocean is also apparent in other cases 
of midlatitude ridging (see Appendix). Apparently it is a characteristic 
feature of this class of phenomenon. The midlatitude ridge development 
with the resultant intensification of the zonal flow is preceded by strong 
cyclogenesis over eastern North America and represents another synoptic 
manifestation of nonlinear wave-wave interaction and cyclone-scale forcing 
of ultralong waves. 
A schematic diagram summarizing the energy cycle during development 
of the Atlantic middle latitude ridges would be nearly identical to that 
of the high latitude Atlantic blocks given in Chapter IV. 
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VII. DISCUSSION 
There have been a number of suggestions in recent literature that 
intense cyclogenesis can act to force ultralong wave development. 
Earlier observational studies have also indicated an apparent relationship 
between intense cyclogenesis and blocking (Berggren et al., 1949; Rex, 
1950a). As noted in Chapter II, Gall et al. (1979) have shown in model 
simulations that zonally asymmetric cyclone-scale heat transports can 
amplify planetary-scale waves through a type of nonlinear interaction. 
Namias (1980), Harnack (1980), and Sanders and Gyakum (1980) have all 
noted a correlation between intense cyclogenesis in the western and cen-r 
tral North Atlantic and the recurrent strong blocking over the Greenland-
Iceland area that occurred in the winter of 1978-1979, From a numerical 
simulation of the Atlantic blocking during January 1979, Bengtsson (1981) 
suggested that the interaction between transient small-scale eddies and 
quasi-stationary ultralong waves is important in the development of 
blocking. We have found that the blocking highs over Greenland in 
December 1978 and January 1979 (see Appendix) were, in fact, forced by 
intense baroclinic cyclone-scale waves. 
The events leading to the creation of cyclone forced blocking ridges 
begin with the buildup of a large baroclinic instability of the 
axially symmetric flow as represented by large Ag. As a result, a baro-
clinically unstable cyclone-scale trough develops rapidly over eastern 
North America and the western Atlantic building an intermediate-scale 
ridge ahead of it over the ocean. The energetic cyclone system is 
accompanied by large, zonally asymmetric heat transports. As the 
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occluding cyclone acquires a northwest-southeast tilt, it nonlinearly 
transfers easterly momentum and, therefore, kinetic energy into the eas­
terly flow on the south side of the developing warm-core, ultralong wave 
anticyclone on its north. The cyclone-scale momentum transport accom­
plishes the destruction of westerly momentum needed for the breakdown of 
the zonal flow that had existed over the ocean before the inception of 
blocking. The zonally asymmetric cyclone-scale heat transport may force 
the observed large-scale baroclinic energy conversions on the upstream 
side of the blocking high in a manner similar to that proposed by Gall 
et al. (1979). For example, in January 1979, nonlinear transfer of 
Ag to the ultralong waves created by a thermal high on the upstream 
side of the blocking ridge axis. The resulting phase shift between 
the planetary-scale height and temperature fields resulted in signifi­
cant large-scale northward heat transport. 
The cyclone wave rapidly decays due to the barotropic kinetic energy 
loss that results from the nonlinear interaction with the ultralong waves. 
It eventually becomes quasi-stationary south of the anticyclone giving 
the pattern its Rex block structure. This pattern can persist for 
several days before decaying or being regenerated by another Intense 
cyclone. 
The very intense cyclogenesis over the western and central North 
Atlantic during the 1978-79 winter was enhanced by the presence of very 
strong sea surface temperature (SST) gradients off the east coast of 
North America (Sanders and Gyakum, 1980) that resulted from significant 
SST anomalies east of Newfoundland and Nova Scotia (Harnack, 1980). 
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Increased baroclinicity in the ocean automatically induces atmospheric 
baroclinicity at the surface and through the depth of the lower atmo­
sphere that is in convective exchange with the surface (Bjerknes, 1962). 
The atmospheric baroclinicity increases the vertical wind shear and pro­
vides a greater energy supply for developing cyclonic storms. A larger 
than normal SST gradient can lead to very intense cyclogenesis in the 
vicinity of the largest gradient (Sanders and Gyakum, 1980). To maximize 
the SST gradient and therefore the low level baroclinlc instability, the 
SST anomalies must be in phase with the normal SST distribution. The 
east coast baroclinicity could be further enhanced by the higher surface 
albedo provided by a heavier than normal snow cover over the eastern U.S. 
as in the winter of 1976-77 (Namias, 1978). The explosive cyclogenesis 
that results from this enhanced baroclinic zone in turn leads to stronger 
cyclone-scale forcing of the planetary-scale waves and subsequent block 
development. 
Ratcliffe and Murray (1970) found that cold SST anomalies in a wide 
area south and east of Newfoundland was associated with blocked weather 
patterns over northern and western Europe. The position and strength 
of the cold SST anomalies in December and January given by Ratcliffe 
and Murray, based on several years with significant negative anomalies, 
is very similar to the cold SST anomaly in the same area for the 1978-79 
winter given by Hamack (1980). In fact, the 1978-79 anomaly appears 
to be colder than Ratcliffe and Murray's mean. Their findings are con­
sistent with our idea that stronger SST gradients can result in more 
intense cyclogenesis which in turn can force block development through 
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nonlinear interactions. Namias (1964) has suggested that a similar 
sequence of events can lead to blocking. 
However, strong cyclogenesis followed by substantial nonlinear 
transfer of kinetic energy from intermediate to large scales does not 
insure the development of blocking. For example, the development of the 
midlatitude ridge over the Atlantic Ocean in early January 1979 (see 
Appendix), was energetically very similar to the development of the high 
latitude Rex blocks in the same region that preceded and followed it. 
The similarity appeared in both the spectral and limited area energetics 
calculations. In all three developments, marked baroclinic energy con­
version by cyclone-scale waves over eastern North America and the western 
Atlantic preceded strong nonlinear Interaction between these waves and the 
planetary-scale waves. However, in two cases Rex blocking resulted, but 
in the third it did not. As we have seen, the behavior of midlatitude 
Atlantic ridges is quite different from high latitude Rex blocks. The 
explanation of the different response of the regional flow field to appar­
ently similar forcing lies in the differing structure of the regional flow 
(as represented by the zonal mean flow plus the planetary waves) during 
the two types of development. In the 1978-79 examples, the Rex blocking 
was preceded by a weak large-scale ridge over the Greenland-Iceland area 
and the absence of a large-scale low over eastern Canada. The mid-
latitude ridge development was preceded by a well-developed Hudson Bay 
low and an amplified ridge in the eastern Pacific. 
Simmons and Hosklns (1978, 1980) used a system with one zonal har­
monic wave (wavenumber 6 or 9) and a variable mean flow to show that the 
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structure of the mean flow can affect the growth rate and maximum 
amplitude of baroclinic waves through barotropic effects. The initial 
growth of the waves in their model is baroclinic, but as the waves 
occlude (i.e., become equivalent barotropic) their barotropic decay 
rate is profoundly affected by the nature of the mean flow in which 
they are embedded and with which they interact. 
In the atmosphere, the growth and decay of baroclinic waves 
are probably also profoundly affected by barotropic interactions with 
the mean flow within a given sector. The structure of the flow field 
given by the axially symmetric flow and existing planetary waves 
determines the growth rate, amplitude, and decay rate of baroclinically 
unstable waves through modulating barotropic interactions. These inter­
actions can be with the zonal mean flow or with the planetary waves. 
The spectral results of Kao and Chi (1978) and Tsay and Kao (1978) show 
that nonlinear barotropic processes play a fundamental role in determi­
ning the growth and decay rates of both large-scale and cyclone-scale 
waves. 
Our study shows that strongly amplified cyclone waves can have a 
profound effect on the development of ultralong waves through nonlinear 
interaction. The nature of the regional flow field in which finite 
amplitude cyclone waves occur not only has an effect on how the cyclones 
develop, but also on how they ultimately alter the regional flow field 
through interactions with it. This interaction involves both barotropic 
energy transfer and significant sensible heat fluxes. The result can be 
the development of a short duration midocean ridge with accelerated 
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westerlies across the North Atlantic, or development of a blocking high 
over Greenland and Iceland that persists for nearly two weeks. 
Now, let us turn our attention to baroclinically forced Pacific 
blocking. In all of our Pacific cases, the growth of blocking highs 
over Alaska and the Bering Sea was accompanied by baroclinlc development 
of an ultralong wave trough over East Asia and the western Pacific. As 
mentioned earlier, barotropic interaction with the mean flow augments 
the baroclinlc kinetic energy source of the trough. Rex (1950a) has 
also observed that the inception of Pacific as well as Atlantic blocking 
is preceded by cyclonic development in the upstream region. 
The western Pacific large-scale trough development occurs over a 
region of large, mean sea surface temperature gradients although the 
magnitude of the SST gradient in the North Pacific is typically about 
one half of that in the western North Atlantic (Sanders and Gyakum, 1980). 
Siberian snow cover can further enhance the atmospheric baroclinicity in 
this region. If North Pacific SST anomalies were in phase with the 
normal SST distribution, baroclinicity in the western Pacific would, of 
course, be enhanced. This would lead to more vigorous cyclogenesis in 
this region, just as it does over the Atlantic (Sanders and Gyakum, 
1980). Although it should be checked more carefully, it appears from 
our analysis that the zonal scale of the major baroclinlc disturbances 
in the middle and upper troposphere is larger over the Pacific than over 
the Atlantic. Thus, the major cyclonic developments over the Pacific are 
described primarily by the ultralong waves, whereas Atlantic cyclogenesis 
is described by intermediate-scale waves. Enhanced baroclinicity in 
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either region should increase the activity of the dominant energetic 
scale in that region. Thus, Pacific blocking can result from baroclinic 
amplification of ultralong waves that is stimulated by an enhanced baro­
clinic zone in the western Pacific. Blocking, then, may be the result 
of a stronger than normal circulation over either the Atlantic or the 
Pacific Ocean. This is consistent with Austin (1980), who noted that 
blocking is characterized by zonal harmonic waves with normal phases but 
stronger than normal amplitudes. 
Of course, large-scale baroclinic development over eastern Siberia 
and the western Pacific does not necessarily lead to the development of 
Alaskan blocking. In fact, it can accompany the demise of Alaskan 
blocking as in the January 1979 case. Some additional factor is needed 
to allow the large-scale baroclinic energy conversion to create a 
blocking ridge. This may be related to the interaction of the finite 
amplitude baroclinic wave with the mean flow in which it is embedded 
just as in the Atlantic cases. The 1978-79 Pacific blocking was appar­
ently triggered by retrogression of the blocking high across northern 
Canada. There is also evidence of retrogression of high heights across 
northern Canada in late December 1976 and late December 1977 in advance 
of the development of weaker Pacific blocks. However, it is not clear 
that this particular behavior is a necessary condition for Pacific 
blocking. Other factors, such as the role of the stationary forcing 
over the Pacific, should also be considered. 
We would expect that large-scale stationary forcing is a more 
dominant factor over the Pacific Basin than over the Atlantic. This is 
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because the Pacific Ocean has a much larger zonal extent and a much 
larger surface area than the Atlantic. In addition, the Himalayan 
Massif provides a larger upstream orographic obstruction to the mean 
flow than does the North American Cordillera. As a result, blocking 
theories that invoke the stationary forcing of orography and land-sea 
differential heating as the mechanism for block development should be 
more applicable to the Pacific region. [We cannot assume that the 
forcing over the North Pacific dominates the entire hemisphere (Hamack, 
1980; Namias, 1980).] 
Tung and Lindzen (1979) suggested that blocking could result from 
the resonant amplification of a free Rossby wave that becomes stationary 
at a position where it is in phase with the stationary forcing of oro­
graphy and differential heating. This proposed behavior is at least 
superficially similar to the 1978-79 Pacific case, where the blocking 
ridge retrograded until it was over Alaska and in phase with the eastern 
Pacific standing wave ridge. It then amplified rapidly due to baroclinic 
processes in conjunction with the deepening western Pacific trough. 
However, the growth rate of this Alaskan ridge may have been too rapid 
to be explained by linear resonance. Many more case studies would have 
to be examined to determine if the 1978-79 behavior is typical of Pacific 
blocking. Tung and Lindzen's theory may be more favorably applied to 
longer period circulation features such as the very persistent eastern 
Pacific ridge in the winter of 1976-77 (Chen and Shukla, 1981). 
Thus, there seem to be at least two necessary conditions for the 
development of blocking, neither of which is sufficient by itself to 
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create a block. First, a forcing mechanism with a sufficiently large 
energy source must be available. Possible mechanisms include the non­
linear interaction or baroclinic amplification processes we have 
identified, both of which require a large reservoir of to successfully 
build a block. In addition, the antecedent planetary-scale waves must 
be suitably positioned to allow the forcing mechanism to build a blocking 
ridge. For example, the weak planetary-scale ridge over Greenland and 
the North Atlantic in December 1978 was ideally situated to gain energy 
through nonlinear interaction with the cyclone-scale waves. Similarly, 
the retrograde ridge over Alaska in late December 1978 was located in a 
position where the striking baroclinic growth of the planetary-scale 
East Asian low was able to force amplification of both the trough and 
the Alaskan ridge. The climatological fact that blocking tends to form 
in the same longitude sectors as the mean, standing wave ridges over the 
northeastern Atlantic and northeastern Pacific implies that the mean, 
stationary forcing provided by orography and land-sea contrast may force 
the planetary waves that are the precursors of blocking. On the other 
hand, weak ridges that are the remnant of earlier developments could 
play the same role. 
Interannual variations in the stationary forcing caused by alter­
ations in sea surface temperatures can affect the intensity of baroclinic 
cyclogenesis and thus the strength of the mechanisms that force block 
development (by changing the SST gradients), as well as the structure 
of the standing waves. Mean conditions promoting explosive cyclogenesis 
should also favor more frequent and stronger blocking. The observed 
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preponderance of blocked weather patterns during certain winter seasons 
as opposed to others may be explained as a result of these variations. 
During a block's mature phase, total energy conversions drop off 
significantly. The blocking high achieves an equivalent barotropic 
structure and net energy conversions near the block are very weak. The 
somewhat regional nature of blocking along with its long duration and 
stable structure suggests that it may be possible to represent a mature 
Rex block as a solitary wave. 
Recently, there has been renewed interest in solitary Rossby waves 
(Redekopp, 1977; Redekopp and Weidman, 1978; Weidman and Redekopp, 
1980). In a solitary wave, the dispersive effects that may erode a 
midlatitude ridge (Yeh, 1949) are balanced by nonlinear effects, allowing 
the wave to maintain its stable configuration for a longer period. The 
solitary wave maintains itself by extracting energy from the shear flow 
in which it is embedded (Maxworthy et al., 1978). Redekopp and Weidman 
(1978) show a streamline pattern for solitons of elevation that closely 
resembles Rex blocking (their Figure 8a), and McWilliams (1980) has 
succeeded in explaining certain characteristics of blocking with solitary 
waves in a barotropic model. However, solitary wave theory is not 
sufficiently developed to be applied to atmospheric blocking. The 
question of whether a solitary wave can exist in the presence of 
radiational cooling and realistic dissipation remains to be answered. 
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VIII. CONCLUSION 
From our spectral energetics analysis of winter season blocking case 
studies, we have found that the energy cycle during the development of 
intense high latitude blocking is strongly baroclinic. The baroclinic 
energy conversions manifest themselves in two distinct mechanisms that 
can lead to block development. The first, which occurs primarily over 
the Atlantic, involves the nonlinear interaction of intense, baroclinic 
cyclone-scale waves with quasi-stationary, equivalent barotropic 
planetary-scale waves leading to the amplification of a planetary-scale 
blocking anticyclone. The second mechanism is the baroclinic amplifica­
tion of planetary-scale waves. This process can be augmented by baro­
tropic transfer of mean flow kinetic energy to the planetary-scale eddies. 
This mechanism is more common in the North Pacific region. 
In addition, it appears that at least two necessary conditions must 
be met to allow a block to form. One of the above forcing mechanisms with 
a large source of potential energy (A^ ) must be in operation, and the 
orientation of existing planetary-scale waves must be such that the 
forcing mechanism can amplify them into a blocking pattern. Wave orien­
tations favorable to block development include the presence of weak 
antecedent ridges over either the North Atlantic (Greenland-Iceland) or 
the North Pacific (Alaska). These antecedent features may be the result 
of the mean stationary forcing provided by orography and land-sea thermal 
contrasts (including SST anomalies) or they may be related to earlier 
local developments of transient planetary-scale waves. 
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Once a Rex block has reached a mature stage of development, its 
behavior may be very similar to that of a solitary Rossby wave. Energy 
conversions in the vicinity of mature blocking highs are usually very 
weak. However, we should note that some blocking ridges maintain them­
selves baroclinically and others exhibit successive redevelopment. Decay 
of a blocking anticyclone is usually related to its migration away from 
its source region. Over the Atlantic and Europe, this includes either 
progression or retrogression of the ridge. In the Pacific sector, west­
ward or northward movement of the anticyclone accompanies the decline of 
the blocking pattern. 
The development of blocking may be a manifestation of the atmo­
sphere's overresponse to an initial baroclinic instability. Over the 
Atlantic, large SST gradients near Newfoundland create an enhanced baro­
clinic zone that spawns explosive, intermediate-scale cyclogenesis. If 
the existing ultralong wave structure is suitable, a blocking anticyclone 
develops north of the cyclone wave due to the intense, zonally asymmetric 
cyclone-scale heat transports and nonlinear transfer of kinetic energy 
from intermediate to large-scale waves. Large-scale energy conversions, 
especially ^ (A^ , A^  ^ ), also play a role in the development of Atlantic 
blocking. The CCA^ , A^  ^ conversion is most likely forced by a mecha­
nism similar to that proposed by Gall et al. (1979). 
One suitable antecedent wave structure over the North Atlantic 
includes a weak ridge over Greenland and Iceland and the absence of a 
well-developed Hudson Bay low. Whether the block develops over Greenland 
or further east may depend upon the antecedent wave structure and the 
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exact positioning of the baroclinic zone. If the Atlantic ultralong 
wave structure is not appropriate, the baroclinic instability and re­
sultant energy conversions that may have built a Rex block can cause the 
formation of a shorter duration (3 to 6 days) midlatitude ridge over the 
ocean. The energy cycle during the development of these two different 
phenomenon (long duration, high latitude Rex blocking versus short 
duration, midlatitude ridging) is very similar both within the local 
region of the ridge development and in the zonally averaged spectral 
results. The development of midlatitude Atlantic ridges may be influenced 
by downstream teleconnections from large-scale features over the North 
Pacific. 
The development of Rex blocking over the Pacific is complicated by 
the relatively stronger stationary forcing provided by orography and land-
sea differential heating over the Pacific basin. However, enhanced atmo­
spheric baroclinicity and more intense cyclogenesis may result from 
larger than normal North Pacific SST gradients also. The zonal scale of 
the most significant baroclinic energy conversions over the Pacific is 
larger than that over the Atlantic in our cases. Thus, a deepening 
cyclone over eastern Siberia and the western Pacific is represented by 
planetary-scale waves in a spectral analysis. Intense northward flow of 
warm air east of the trough axis builds the warm core blocking ridge 
over Alaska. 
We did not have a sufficient number of Pacific, case studies to 
determine with any certainty what antecedents might be needed to trigger 
blocking in this region. Baroclinic amplification of the East Asian and 
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western Pacific trough certainly takes place at a much greater frequency 
than does the development of blocking. However, the retrogression of a 
mldtropospherlc ridge across northern Canada does seem to stimulate the 
initial development of high latitude Pacific blocking. 
More work needs to be done to further establish the relationship 
between enhanced SST gradients, subsequent cyclogenesls and blocking. 
Additional case studies of blocking need to be identified to Increase 
our blocking sample size and to confirm the Importance of the mechanisms 
we have isolated. The additional cases should be grouped according to 
the type of SST anomaly in the western portion of the oceans and the 
strength of the resultant SST gradient. In seasons with cold SST 
anomalies near Newfoundland we would expect more frequent and Intense 
cyclone-forced blocking over the North Atlantic. In seasons with warm 
SST anomalies in this area very little blocking should occur (Ratcliffe 
and Murray, 1970), Similarly, stronger SST gradients in the western 
Pacific possibly coupled with enhanced barocllniclty due to high albedo 
snow cover in Siberia should favor increased large-scale cyclogenesls and 
blocking activity over the North Pacific if our speculation is correct. 
SST anomalies leading to weaker western Pacific SST gradients should 
oppose high latitude blocking. 
The role of dlabatlc heating and the generation of available poten­
tial energy prior to and during episodes of blocking also needs to be 
examined. Larger than normal generation of Ag due to an enhanced zonal 
heating gradient resulting from anomalous SST's or snow cover may cause 
the observed Ag maximum prior to the onset of blocking. The decay of a 
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blocking anticyclone may be due to Newtonian cooling as diabatic processes 
act to return the atmosphere to its initial state. Interannual varia­
tions in the generation of APE could explain the observed interannual 
variability in the frequency and intensity of blocking. 
In addition, we need to understand more fully the interaction of 
finite amplitude baroclinic waves with the mean flow in which they are 
embedded. This would be of primary importance in understanding the 
effects of cyclone-scale waves on the evolution of the large-scale flow 
over the Atlantic and Europe. It would also be interesting to discover 
if Rex blocks can in fact be represented as solitary Rossby waves, and 
to investigate the effects of the dynamic coupling of the stratosphere 
and troposphere on block development. 
Finally, we see two major implications of our results to numerical 
weather prediction and extended range forecasting. We have found that 
the forcing of the ultralong waves by cyclone-scale waves can be very 
strong. Furthermore, the nonlinear interaction between intermediate and 
large-scale waves in the atmosphere does not occur at a continuous rate 
but rather in discrete episodes when the rate of energy transfer is very 
large. This is in direct contrast to the baroclinic energy source for 
the ultralong waves which maintains a steadier rate. Thus, errors in 
the prediction of ultralong wave developments could be related to errors 
in the forecasting of cyclone-scale waves. Models must be able to pre­
dict explosive cyclogenesis and the interaction of the cyclone-scale 
waves with quasi-stationary planetary-scale waves if they are to be able 
to properly forecast the development of the ultralong waves and blocking. 
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In addition, the models must accurately handle the position and phase 
of the antecedent planetary-scale waves so that they can correctly fore­
cast the effects of intense nonlinear or baroclinic forcing on the 
evolution of the existing long wave pattern. These are areas where 
existing forecast models have exhibited a marked deficiency. 
135 
IX. REFERENCES 
Austin, J.F. 1980. The blocking of middle latitude westerly winds by 
planetary waves. Q. J. R. Meteorol. Soc. 106:327-350. 
Bengtsson, L. 1981. Numerical prediction of atmospheric blocking — 
A case study. Tellus 33:19-42. 
Berggren, R., B. Bolin, and C.-G. Rossby. 1949. An aerological study of 
zonal motion, its perturbation and breakdown. Tellus 1:14-37. 
Bjerknes, J. 1962. Synoptic survey of the Interaction of sea and 
atmosphere in the North Atlantic. Geof. Publ. 24:115-145. 
Bjerknes, J. 1966. A possible response of the atmospheric Hadley cir­
culation to equatorial anomalies of ocean temperature. Tellus 
18:820-829. 
Charney, J. G., and J. G. Devore. 1979. Multiple flow equilibria in 
the atmosphere and blocking. J. Atmos. Scl. 36:1205-1216. 
Charney, J. G., and D. M. Strauss. 1980. Form-drag instability, 
multiple equilibria and propagating planetary waves in baroclinic, 
orographically forced planetary wave systems. J. Atmos. Scl. 
37:1157-1176. 
Chen, T. C., and J. Shukla. 1981. Spectral energetics analysis of 
ultralong waves and blocking ridges generated in the GLAS atmo­
spheric model due to the North Pacific SST anomalies. In 
preparation. Dept. of Earth Sciences, Iowa State University. 
Chen, T. C., A. R. Hansen, and J. J. Tribbla. 1981. A note on the 
release of available potential energy. Accepted by J. Meteorol. 
Soc. Japan. 
Colucci, J. J. 1978. An observational study of mid-tropospheric 
blocking during recent winter seasons. The General Circulation: 
Theory, Modelling and Observations. NCAR/CQ-6+1978-ASP, 397-405. 
Egger, J. 1978. Dynamics of blocking highs. J. Atmos. Scl. 35:1788-
1801. 
Egger, J. 1979. Stability of blocking in barotroplc channel flow. 
Beitr. Phys. Atmos. 52:27-43. 
Elliott, R. D., and T. B. Smith. 1949. A study of the effects of large 
blocking highs on the general circulation in the northern-hemisphere 
westerlies. J. Meteorol. 2:67-85. 
136 
Fjortoft, R. 1953. On the changes in the spectral distribution of 
kinetic energy for two-dimensional, non-divergent flow. Tellus 
5:225-230. 
Gall, R., R. Blakeslee, and R. C. J. Somerville. 1979. Cyclone-scale 
forcing of ultralong waves. J. Atmos. Sci. 36:1692-1698. 
Gates, W. L. 1961. Static stability measures in the atmosphere. J. 
Meteorol. 18:526-533. 
Geisler, J. E. 1977. On the application of baroclinic instability and 
sensible heat exchange to explain blocking ridge development. J. 
Atmos. Sci. 34:216-218. 
Haltiner, G. J. 1967. The effect of sensible heat exchange on the 
dynamics of baroclinic waves. Tellus 19:183-198. 
Hansen, A. R. and T. C. Chen. 1981. On the warming of the polar 
troposphere during the stratospheric warming of January 1977. 
Accepted by Geophys. Res. Lett. 
Harnack, R. P. 1980. An appraisal of the circulation and temperature 
pattern for winter 1978-79 and a comparison with the previous two 
winters. Mon. Wea. Rev. 108:37-55. 
Hartmann, D. L., and S. J. Ghan. 1980. A statistical study of the 
dynamics of blocking. Mon. Wea. Rev. 108, 1144-1159. 
Holopainen, E. 0. 1970. An observational study of the energy balance 
of the stationary disturbances in the atmosphere. Q. J. R. 
Meteorol. Soc. 94:626-644. 
Julian, P. R., and K. B. Labitzke. 1965. A study of atmospheric 
energetics during the January-February 1963 stratospheric warming. 
J. Atmos. Sci. 22:597-610. 
Kanamitsu, M., T. N. Krishnamurti, and C. Depradine. 1972. On scale 
interactions in the tropics during the northern summer. J. Atmos. 
Sci. 29:698-706. 
Kao, S. K., and C. N. Chi. 1978. Mechanism for the growth and decay of 
long- and synoptic-scale waves in the mid-troposphere. J. Atmos. 
Sci. 35:1375-1387. 
Kikuchi, Y. 1971. Influence of mountains and land-sea distribution 
on blocking action. J. Meteorol. Soc. Japan 49, Special Issue: 
564-572. 
137 
Krlshnamurtl, T. N. 1968. A diagnostic balance model for studies of 
weather systems of low and high latitudes, Rossby number less than 
1. Mon. Wea. Rev. 96:197-207. 
Koermer, J. P., and S. K. Kao. 1980. Major and minor stratospheric warmings 
and their interactions on the troposphere. Pageoph. 118:428-451. 
LejenMs, H. 1977. On the breakdown of the westerlies. Atmosphere 
15:89-113. 
Loesch, A. Z. 1974. Resonant interactions between unstable and neutral 
baroclinic waves; Part I., J. Atmos. Sci. 31:1177-1201. 
Lorenz, E. N. 1955. Available potential energy and the maintenance of 
the general circulation. Tellus 7:157-167. 
Maxworthy, T., L. G. Redekopp, and P. D. Weidman. 1978. On the pro­
duction and interaction of planetary solitary waves: Applications 
to the Jovian atmosphere. Icarus 33:388-409. 
McWilliams, J, C. 1980. An application of equivalent modons to atmo­
spheric blocking. Dyn. Atmos. Oceans 5:43-66. 
Murakami, T., and K. Tomatsu. 1965. Energy cycle in the lower atmo­
sphere, J. Meteorol. Soc. Japan 43:73-88. 
Namias, J. 1950. The index cycle and its role in the general circula­
tion. J. Meteorol. 7:130-139. 
Namias, J. 1963. Large-scale air-sea interactions over the North 
Pacific from Summer 1962 through the subsequent winter. J. Geophys. 
Res. 68:6171-6186. 
Namias, J. 1964. Seasonal persistance and recurrance of European 
blocking during 1958-1960. Tellus 16:394-407. 
Namias, J. 1978. Multiple causes of the North American abnormal winter 
1976-77. Mon. Wea. Rev. 106:279-295. 
Namias, J. 1980. Causes of some extreme Northern Hemisphere climatic 
anomalies from summer 1978 through the subsequent winter. Mon. 
Wea. Rev. 108:1333-1346. 
O'Connor, J. F. 1969. Hemispheric teleconnections of mean circulation 
anomalies at 700 mb. ESSA Technical Report WB10» 103 pp. 
Paulin, G. 1970. A study of the energetics of January 1959. Mon. Wea. 
Rev. 98:795-809. 
Quiroz, R. S. 1977. The tropospheric stratospheric polar vortex break­
down of January 1977. Geophys. Res. Lett. 4:151-154. 
138 
Ratcliffe, R. A. S., and R. Murray. 1970. New lag associations between 
North Atlantic sea surface temperatures and European pressure 
applied to long range forecasting. Q. J. R. Meteorol. Soc. 
96:226-246. 
Redekopp, L. G. 1977. On the theory of solitary Rossby waves. J. Fluid 
Mech. 82:725-745. 
Redekopp, L. G., and P. D, Weidman, 1978, Solitary Rossby waves in 
zonal shear flows and their interactions, J, Atmos. Sci, 35:790-804. 
Rex, D, F. 1950a. Blocking action in the middle troposphere and its 
effect upon regional climate, I, An aerological study of blocking 
action, Tellus 2:196^ 211, 
Rex, D. F. 1950b. Blocking action in the middle troposphere and its 
effect on regional climate. II. The climatology of blocking action. 
Tellus 2:275-301. 
Rowntree, P. R. 1972. The influences of tropical east Pacific Ocean 
temperatures on the atmosphere. Q. J. R. Meteorol. Soc. 
98:290-321, 
Saltzman, B, 1957. Equations governing the energetics of the larger 
scales of atmospheric turbulence in the domain of wavenumber. 
J. Meteorol. 14:513-523. 
Saltzman, B. 1970. Large-scale atmospheric energetics in the wavenumber 
domain. Rev. Geophys. Space Phys. 8:289-302. 
Sanders, F. and J. R. Gyakum. 1980. Synoptic-dynamic climatology of the 
"bomb". Mon. Wea. Rev. 108:1589-1606. 
Sawyer, J. S. 1970. Observational characteristics of atmospheric 
fluctuations with a time scale of a month. Q. J. R. Meteorol. 
Soc. 96:610-625. 
Simmons, A. J., and G. J. Hoskins. 1978. The life cycles of some non­
linear baroclinic waves. J. Atmos. Sci. 35:414-432. 
Simmons, A. J., and B. J. Hoskins. 1980. Barotropic influences on the 
growth and decay of nonlinear baroclinic waves. J. Atmos. Sci. 
37:1679-1684. 
Tsay, C.-Y., and S. K. Kao. 1978. Linear and nonlinear contributions 
to the growth and decay of the large-scale atmospheric waves and 
jet stream. Tellus 30:1-14. 
Tung, K. K., and R. S. Lindzen, 1979. A theory of stationary long 
waves. Part I: A simple theory of blocking. Mon. Wea. Rev. 
107:714-734. 
139 
Weidman, P. D,, and L. G. Redekopp, 1980. Solitary Rossby waves In the 
presence of vertical shear, J, Atmos, Scl, 37:2243-2247. 
White, W. B., and N. E. Clark. 1975. On the development of blocking 
ridge activity over the central North Pacific. J. Atmos. Sci. 
32:489-502. 
Wiin-Nielsen, A. 1964. On energy conversion calculations. Mon. Wea. 
Rev. 92:161-167. 
Wiin-Nielsen, A. 1968. On the intensity of the general circulation 
of the atmosphere. Rev. Geophys. 6:559-579. 
Wiin-Nielsen, A., J. A. Brown, and M. Drake. 1963. On atmospheric 
energy conversions between the zonal flow and the eddies. Tellus 
15:261-279. 
Wiin-Nielsen, A., J. A. Brown, and M. Drake. 1964. Further studies of 
energy exchange between the zonal flow and the eddies. Tellus 
16:168-180. 
Winston, J. S., and A. F. Krueger. 1961. Some aspects of a cycle of 
available potential energy. Mon. Wea. Rev. 89:307-318. 
Yeh, T. C. 1949. On energy dispersion in the atmosphere. J. Meteorol. 
6:1-16. 
140 
X. ACKNOWLEDGMENTS 
The acknowledgment section of a thesis or dissertation usually con­
sists of a stale litany of gratitude to major professors and committee 
members. Although I would like to avoid following this pattern, I'm 
afraid the present section will be as unimaginative as any. 
I would like to thank my major professor, Mike Chen, for providing 
the basic idea to pursue this research and for providing needed scientific 
resources. Thanks go to Drs. Douglas N. Yarger, Eugene S. Takle, Robert 
H. Shaw and John L. Stanford for serving on my committee. I would also 
like to express my sincere thanks to Dr. John M. Brown for instilling in 
me a fascination with the dynamics of the atmosphere. 
Also, thanks go to Helen Fowler and Jane Windom for typing the manu­
script, and to Susan Snyder for drafting some of the figures. I acknowl­
edge the L.H. Brown Trust for providing my personal financial support for 
the last 2 years. This study was supported by NASA through Grant NSG-
5339. Computer time at the National Center for Atmospheric Research was 
provided under the sponsorship of National Science Foundation Grant 
ATM-7915800. 
141 
XI. APPENDIX; ADDITIONAL CASE STUDIES 
A. Overview 
This Appendix contains discussions of the energetics of additional 
case studies that were undertaken. The discussions are grouped according 
to the type of blocking: high latitude Atlantic, high latitude Pacific 
and middle latitude Atlantic. The dates, locations and mechanisms for 
these cases, as well as those discussed in the main text are summarized 
in Table 1. Some of these cases represent fairly weak blocking and the 
energetics analysis for them was often quite ambiguous. The poorer 
cases are therefore discussed very briefly. The better cases, such as 
the Atlantic blocking in January 1979, are discussed in more detail. 
Blocks over the Atlantic in our sample were primarily forced by 
cyclone-scale waves, although blocking highs over Scandinavia and the 
Norwegian Sea can develop baroclinically. The Pacific cases discussed 
in this section are not as intense or as easily diagnosed as the January 
1979 case examined in Chapter V. Nonetheless, Pacific blocking defi­
nitely appears to occur from baroclinic amplification of planetary-
scale waves. In the case of Greenland blocks, no large-scale upstream 
or downstream trough is present. However, baroclinic development of 
Pacific blocking ridges is accompanied by deepening troughs over eastern 
Asia and the western Pacific. The orientation of the large-scale 
features of the height field during mature Alaskan or Greenland blocking 
in our sample of cases is typical of that shown in teleconnection charts 
for high centers over these locations (O'Connor, 1969). This fact sug-
Table 1. Summary of Case Studies 
Date 
1. 19-31 December 1978 
2. 13-30 January 1979 
3. 12-31 December 1976 
4. 29 Nov.-10 Dec. 1977 
5. 2-18 January 1977 
6. 30 December 1978-
12 January 1979 
7. 27 December 1977-
4 January 1978 
8. 5-11 January 1977 
Location 
Greenland 
Northern Europe 
(13-20 January) 
Greenland 
(21-30 January) 
Norwegian Sea 
(12-21 December) 
Greenland 
(22-31 December) 
Norwegian Sea 
Atlantic 
(2-10 January) 
North Pole 
(11-18 January) 
Alaska 
Alaska 
East Pacific-
Alaska 
Forcing^  
Nonlinear 
Nonlinear & 
baroclinic 
Nonlinear 
Baroclinic (?) 
Nonlinear 
Baroclinic & 
barotropic 
Nonlinear, then 
baroclinic 
Baroclinic 
Baroclinic 
Baroclinic 
Subjective 
Rating 
Excellent 
Fair 
Very Good 
Fair 
Fair 
Fair-Good 
Fair 
Excellent 
Fair 
Fair-Poor 
Comments 
Retrograde decay 
Retrograde 
Retrograde, weak 
energy conversions 
Slowly progressive, 
marginal blocking 
Resembles midlati-
tude ridge (2-8 
January), influenced 
by stratospheric 
warming 
Initiation influenced 
by retrogression 
Weak Blocking 
Standing wave ridge, 
not classic blocking. 
Discussed with Janu­
ary 1977 Atlantic 
case. 
9. 19-26 November 1977 
1-10 December 1977 
10. 26-31 December 1977 
11. 3-7 January 1979 
12. 11-17 January 1978 
Alaska & Barocllnlc (?) 
Bering Sea Baroclinic 
Atlantic Nonlinear-
baroclinic 
Atlantic Nonlinear-
baroclinic 
Atlantic 
Fair Retrograde, small-
Poor scale, weak blocking 
Good Midlatitude ridge 
Good Midlatitude ridge 
Poor Weak midlatitude 
ridge 
®The word nonlinear is used to signify forcing of the ultralong waves primarily by nonlinear 
interaction with cyclone-scale waves. Baroclinic refers to forcing of the ultralong waves by large-
scale baroclinic processes. 
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gests that the blocking cases we have studied are typical of developments 
that occur year after year. 
The middle latitude Atlantic ridge in early January 1979 is com­
parable to the December 1977 case discussed in Chapter VI. This type 
of ridge develops from a combination of intermediate and large-scale 
baroclinic processes accompanied by a significant nonlinear transfer of 
cyclone-scale kinetic energy to the ultralong waves. 
It is possible that downstream teleconnections from the eastern 
Pacific influence development of the midlatitude Atlantic ridges. In the 
December 1977, January 1979 and January 1977 cases, fairly strong eastern 
Pacific ridges and deep lows over Hudson Bay accompanied the Atlantic 
ridge development. This is not true of the higher latitude cases that 
occurred over Greenland (e.g., December 1978 and January 1979). The 
results of the numerical simulations of Chen and Shukla (1981) suggest 
that SST anomalies in the North Pacific Ocean can influence the amplifica­
tion of ultralong waves over the Pacific as well as over North America 
and the Atlantic Ocean. 
B. High Latitude Atlantic Cases 
1. January 1979 
a. Synoptic behavior 
During January 1979, blocking developed over Europe and the Atlantic 
in a manner that was very similar to the December 1978 Atlantic blocking 
case. From roughly 13 to 30 January, two major blocking surges, the 
first over Europe and the second over the Atlantic, manifested themselves 
in a striking retrograde blocking pattern. 
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The block developed in three stages, first over western Russia, 
then over Scandinavia and the Norwegian Sea, and finally, the longest 
duration high centered near the south tip of Greenland. The evolution 
of the synoptic pattern in this case was almost exactly like that dis­
cussed by Berggren et (1949). A succession of strongly amplified 
progressive troughs caused intense northward warm air advection that 
cut off earlier troughs while building or rebuilding the high-latitude, 
warm-core anticyclone. This is a good case for spectral energetics 
analysis although its circulation is not nearly as intense as the 
December 1978 case that preceded it. The following discussion will 
concentrate on the longer duration Greenland block. 
On 10 January 1979, predominantly zonal flow existed at 500 mb from 
eastern North America to central Asia. By 11 January, a split of the 
westerly jet appeared just south of the Black Sea, upstream of a weak 
ridge north of the Caspian Sea and a cutoff low south of the ridge. The 
ridge slowly broadened into what could be called a Rex block by the 
thirteenth. At this time, a long wave, occluded trough dominated the 
flow over Europe. Two cyclone wave troughs amplified over the central 
Atlantic and eastern.North America on 13 to 15 January as the Hudson 
Bay low deepened to 479 dam at OOZ 15 January. Warm advection ahead 
of the Atlantic trough cut off the European cyclone by the sixteenth, 
and warm advection ahead of the second trough and the progressing Hudson 
Bay low built a strong ridge over the eastern Atlantic. This ridge 
developed northward into a 572 dam closed anticyclone over the Norwegian 
Sea on the eighteenth. The blocking pattern at this time consisted of 
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two anticyclones, one associated with the new development and the other 
with the old Caspian Sea ridge, and three cyclonic vortices. Maximum 
500 mb heights over Scandinavia and the Norwegian Sea remained between 
564 and 573 dam through 21 January, while the Caspian Sea ridge decayed, 
A cyclone trough over the Great Lakes on the eighteenth developed 
rapidly on 19 and 20 January over eastern North America and the western 
Atlantic. The trough had developed a pronounced northwest-southeast tilt 
by OOZ 20 January, and very strong warm advectlon ahead of the trough 
caused ridging over the central Atlantic by OOZ 21 January. A 565 dam 
blocking high had formed just east of the south tip of Greenland by 12Z 
21 January as the tilted trough cut off and moved south of the high 
giving the pattern a Rex blocking structure. A trough over the Mississippi 
valley on the twenty-first caused further warm advectlon into the 
Greenland anticyclone on 22 and 23 January before cutting off south of 
the high on the twenty-fourth. During this time the earlier Scandinavian 
block decayed and became absorbed into the flow. 
The Greenland block maintained maximum 500 mb heights of 565 to 
570 dam from 12Z 21 to 12Z 25 January. Another occluded trough became 
cut off over the eastern United States beginning on 25 January during 
the block's mature stage. Decay of the Greenland high began at 12Z 
26 January when the ridge began to retrograde over northern Canada. By 
the twenty-ninth, 500 mb heights near Greenland had declined over 200 m 
as the ridge had moved westward and decayed. However, a splitting of 
the westerly current persisted over North America and the Atlantic until 
early February. 
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Figure XI.1. Hovmoller diagram of z, , at 500 mb at 60*N for January 
1979 
The longitude versus time section of  ^at 60*N (Figure XI.1) 
illustrates the retrograde nature of this block. had its highest 
amplitude of over 500 m at 70°N on 20 to 22 January. Notice that no 
ultralong wave low existed over Canada during the life-cycle of the 
Greenland ridge (21 to 30 January). The synoptic evolution of the 
Greenland blocking was almost identical to that of the December 1978 
case that preceded it. 
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b. Energetics 
The development of the initial weak blocking over Russia is diffi­
cult to explain from our analysis, but we can make more definite con­
clusions about the Scandinavian and Greenland developments. These two 
blocking surges provide two cases of cyclone-forced development. 
The time evolution of the energy cycle is given in Figures XI.2 
and XI.3. The K_ maxima on 15 to 16 January and on 21 January 
£j 
correspond to the time of development of the Scandinavian and Greenland 
ridges, respectively. They are the result of marked CCA^ , A^ ) and 
C(Ag, Kg) maxima. 
The initial split flow over western Russia developed on 11 and 12 
January when intermediate-scale conversions and large-scale barotropic 
processes were quite small and CCA^ » and C(A^ _^ , were 
minimum (Figures XI.4 and XI,5). There is some indication that the 
amplifying wave over central Asia that caused the initial flow split 
was growing baroclinically. There was a slight phase shift between the 
and waves at 500 mb in the area on 13 January resulting in 
northward warm air transport. However, most of the large-scale ener­
getics at this time, especially CCA^ , A^  ^ ), were associated with the 
East Asian trough and the Hudson Bay low. 
As the Scandinavian block developed on 14 to 16 January, 
rose rapidly due to roughly equal contributions from baroclinic, baro­
tropic mean flow and wave-wave interactions. Kg had grown to a 
prominent maximum on 15 January due to baroclinic conversions. The 
large-scale conversions were taking place primarily over the Pacific 
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but most of the Kg was over Europe and the Atlantic, as were the 
cyclone-scale heat transports and baroclinlc conversions. The zonal 
asymmetry of this transport was quite marked with very large northward 
warm air advection just west of Great Britain. dropped very 
sharply from 15 to 16 January due to nonlinear interaction (Figures XI,4 
and XI.5). Negative cyclone-scale momentum transports over the eastern 
Atlantic and the North Sea on these dates suggest that this strong 
nonlinear transfer is occurring in this region. The rapid decline in 
Kg_^ g over Europe and a marked increase in associated with large-
scale easterlies over northern Europe and the North Sea supports this 
viewpoint. Additional energy input from large-scale heat transport over 
Scandinavia and south of Greenland and baroclinlc conversion south of 
Greenland no doubt assisted ridge development. By the eighteenth, a 
strong, equivalent barotropic planetary-scale blocking ridge extended 
from Greenland to central Asia. Prominent kinetic energy maxima were 
associated with easterlies over northern Europe and westerlies over and 
east of Greenland. 
The amplification of this block occurred in a manner similar to the 
December 1978 Atlantic case. Cyclone-scale forcing of the ultralong 
waves through nonlinear kinetic energy transfer and zonally asymmetric 
cyclone-scale heat transports was also augmented by contributions from 
baroclinlc ultralong waves over the Atlantic. 
Development of the westward extension of the blocking to Greenland 
occurred from 19 to 21 January. A northwest-southeast tilted intermediate-
scale trough that developed baroclinically over eastern North America 
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was responsible for most of the 5^-10^  and C(Ag from 
18 to 20 January as well as much of the Kg_^ Q maximum on the twenty-first. 
The kinetic energy associated with the tilted trough centered over 
Newfoundland at this time was significant but not spectacular. Sub­
stantial cyclone-scale northward heat transport occurred south of Greenland 
from 19 through 20 January (Figure XI.6). 
Northward transport of easterly momentum by cyclone waves into a 
region of large-scale easterly flow over eastern North America and the 
northwestern Atlantic, particularly on the twentieth (Figure XI.7) and 
twenty-first, was the mechanism for the nonlinear interaction on these 
dates. The maxima over the western Atlantic on the twentieth 
had virtually disappeared by 12Z 21 January and a prominent band of 
associated with easterly flow south of Greenland appeared in its 
place (Figure XI.8). 
Significant large-scale heat transport and therefore CC&g, A^  
appeared over Greenland on the twenty-first (Figure XI.9). This pro­
vided additional amplification to the thermal ridge over Greenland. This 
conversion may have been forced by the cyclone waves in a manner similar 
to that proposed by Gall e^  (1979). The and T^ _^  waves associ­
ated with the block had been almost exactly in phase until the twenty-
first. Amplification of the large-scale thermal ridge to the west of 
the ridge may have been caused by the abnormal nonlinear transfer 
of intermediate-scale available potential energy to the planetary-scale 
waves from 12Z 19 to 12Z 21 January (not shown). Once the thermal ridge 
formed west of the ridge, the observed C^ Ag, A^ _^^ ) conversion 
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Figure XI.6. Horizontal distribution of vT- in 500 mb at 12Z 20 
January 1979 
% 
Figure XI.7. Horizontal distribution of uv_ at 300 mb at 12Z 20 
January 1979 
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Figure XI.8. Horizontal distribution of K__, at 500 mb at 12Z 21 
January 1979 
Figure XI,9. Horizontal distribution of vT._, at 500 mb at 12Z 21 
January 1979 
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Figure XI.10, 5Q0 mb planetary-scale height field (z ,) at 12Z 21 
January 1979 
(Figure XI.4) resulted. 
Notice that  ^reached a minor maximum on the twenty-first 
(Figure XI.4) in conjunction with the block development. The overall 
decline of  ^from 16 to 20 January was the result of vastly diminished 
kinetic energy around the western Pacific trough and reduced 
over Europe and Russia that had been related to the blocking in that 
region. 
On 122 21 January, the planetary-scale ridge was centered just 
south of Iceland and extended from Baffin Island to across Scandinavia 
(Figure XI.10). The ultralong wave pattern at this time was predominantly 
wavenumber one. No Hudson Bay low existed at this time and none had 
existed throughout the blocks development phase. 
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The amplitude of the block as well as the kinetic energy around it 
remained very steady from 12Z 21 to OOZ 26 January. During this mature 
phase, offsetting large-scale heat and momentum transports and baro-
clinic conversions appeared on either side of the ridge axis. The ridge 
had an equivalent barotropic structure (z and T waves in phase) from the 
twenty-second to the twenty-sixth. 
The high center moved slowly westward from Iceland to the Davis 
Strait by the twenty-sixth. Further retrogression across Canada coin­
cided with rapid decay of the North Atlantic high. Thus, the decay of 
this block also followed the pattern of its December 1978 predecessor. 
The limited area energetics for the region bounded by 85°W, 20°W, 
30°N and 75°N corroborates the above discussion. Baroclinically gener­
ated eddy kinetic energy within this region was transferred to the mean 
flow at times corresponding to the large nonlinear interactions in the 
spectral calculation. 
In conclusion, the two stages of blocking development over 
Scandinavia and Greenland during January 1979 were both the result of 
cyclone-scale forcing of planetary-scale waves. The earlier development 
also appeared to have a large-scale baroclinic energy source. Whether 
the existence of the split flow over Russia that preceded these develop­
ments was a necessary condition for the formation of blocking is unclear. 
However, it is apparent that the life-cycle of this typical European and 
Atlantic blocking was similar to the December 1978 case discussed 
earlier. In addition, although this block developed westward in discrete 
steps, it appears that there was a slow retrogression of the mature 
blocking highs as well. 
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2. December 1976 
a. Synoptic behavior 
The development of retrograde blocking in two major surges in 
December 1976, first over Europe then over the North Atlantic, was 
similar in many respects to the January 1979 case. The longitude versus 
time section of  ^at 70°N (Figure XI.11) illustrates the two high 
amplitude blocking surges. The rate of retrogression of this case was 
slower than the January 1979 case and the intensity of the circulation 
in terms of the kinetic energy (especially K^ _^ ) and the maximum magni­
tude of the barocllnic energy conversions is lower in December 1976 
than in the 1978-79 winter. 
From 3 to 9 December a split in the 500 mb westerly jet existed 
near the north end of the Caspian Sea. On the ninth, a ridge extended 
northward from just northeast of the Caspian Sea and strong cyclogenesis 
was in progress over eastern North America. On 10 and 11 December, a 
ridge developed in the eastern Atlantic in warm advectlon ahead of the 
trough progressing eastward out of North America. The ridge extended 
over the Norwegian Sea cutting off an occluded low over eastern Europe. 
On 12 December, the pattern over Europe could be called blocking with 
the cold-core low being its dominant synoptic feature. 
By 14 December, a cyclone trough over eastern Canada caused sub­
stantial northward warm air advectlon south of Greenland. This warm 
current caused a ridge to build northeastward from the central Atlantic, 
eventually forming a closed 566 dam high over the Norwegian Sea on the 
sixteenth. Simultaneously the Hudson Bay low deepened and intensified. 
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Figure XI.11. HovmOller diagram of z, , at 70°N for December 1976 at 
500 mb 
The Scandinavian high had begun to decay by 12Z 19 December. A 
very complicated blocking pattern with low amplitude features dominated 
Europe and western Asia on the twenty-first. A developing trough over 
eastern North America on 21 and 22 December acquired a northwest-
southeast tilt and set off a northward warm current that cut off an 
earlier cyclone and built a warm-core blocking high over the Denmark 
Strait by OOZ 23 December. This block persisted through 28 December by 
which time retrogression of the block across northern Canada had begun. 
High 500 mb heights bridged across the Canadian arctic on 30 and 31 
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December and split flow persisted across North America until early 
January 1977, Note that a well developed Hudson Bay low was present 
with varying intensity throughout the life-cycle of this block. 
b. Energetics 
The synoptic pattern for this case was more complicated than the 
two previously discussed cases of Atlantic blocking. As a result, the 
energetics analysis is not as straightforward as the 1978-79 cases. The 
less obvious nature of the blocking energetics may be related to the 
lower planetary-scale kinetic energy levels during the 1976-77 winter 
compared to. 1978-79. 
In addition, the energetics of this case are complicated by the 
existence of a persistent, quasi-stationary, large-scale trough-ridge 
system over the North Pacific, Energy conversions in the Pacific 
sector are frequently the dominant ones in the hemisphere. The energy 
conversions related to the European and Atlantic retrograde blocks 
often represent a minor fraction of the total energetics making identi­
fication of forcing mechanisms difficult. However, the horizontal plots 
give some indication of which mechanisms are important to the blocking. 
The first surge of blocking over Scandinavia and the Norwegian Sea 
appears to have been primarily the result of large-scale baroclinic 
forcing. CCAg, Ag) and C(Ag, Kg) peaks on 13 to 14 December and 21 to 
22 December (not shown) accompany the development phases of the two 
blocking surges. However, fairly strong wave-wave interactions between 
baroclinic cyclone waves and the planetary waves took place on 9 
December and 14 to 16 December. In both instances, this interaction 
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added a significant amount of kinetic energy to the large-scale flow on 
the south and east sides of the baroclinically active Hudson Bay low. 
(Limited area energetics calculations confirm the location of the inter­
action.) What effect this interaction had on the Scandinavian high is 
unclear. 
Large-scale heat transports on 9 and 10 December and 14 to 16 
December acted to amplify the thermal ridge over Russia and the Norwegian 
Sea as well as the thermal trough over eastern Canada. A slight phase 
shift between the planetary-scale z and T waves lead to an upstream tilt 
of the ultralong wave ridge on these dates. The fact that the 
Scandinavian high and the Hudson Bay low in the synoptic charts amplified 
simultaneously from roughly 14 to 16 December supports the idea that 
large-scale baroclinic processes were at work. However, wave-wave inter­
action provides an additional kinetic energy source to the ultralong 
waves. 
Developments in the western Atlantic built another ridge over the 
Denmark Strait on 21 to 23 December. A minor maximum on the 
twenty-second was primarily associated with a northwest-southeast tilted 
intermediate-scale trough-ridge system over eastern North America and 
the western Atlantic. These waves transported easterly momentum into 
a region of generally easterly large-scale flow resulting in a 
relatively strong albeit brief nonlinear Interaction on the twenty-
third. A net positive contribution to the growth and maintenance of 
the large-scale thermal high associated with the block was made by 
large-scale heat transports. This occurred even though no large phase 
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shift between the z and ridges was indicated. The largest con­
tribution to C(Ag, was occurring over the Pacific. Thus, the 
forcing of the Atlantic block generally followed the pattern of cyclone-
scale forcing discovered in the 1978-79 cases. However,  ^was 
relatively low during the life-cycle of this Block. 
The kinetic energy and energy conversions associated with this 
case of blocking were relatively low making interpretation of the results 
somewhat ambiguous. However, it does appear that the Scandinavian 
block was forced by baroclinic processes with nonlinear interactions 
making an additional contribution, and the development of the high 
over Greenland and Iceland was due to the same nonlinear forcing 
mechanism as the December 1978 and January 1979 cases. 
3. November-December 1977 
A blocking ridge existed near Scandinavia from roughly 29 November 
to 10 December 1977. The splitting of the westerly jet caused by this 
block never had a very long zonal extent and, because of this fact, it 
barely satisfied Rex's blocking definition. However, even though the 
synoptic structure of this case was not exactly classic blocking, its 
energetics are of interest. 
A narrow ridge that was over the northeastern Atlantic on 25 
November progressed to a position over the Norwegian Sea on the twenty-
seventh. From 27 to 29 November, warm advection on the downstream side 
of a northwest-southeast tilted trough over eastern North America built 
a ridge over the western Atlantic. By the twenty-ninth, the Norwegian 
Sea ridge was centered over England and was causing a flow split long 
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Figure XI,12. Hovraoller diagram of  ^at 60°N for 16 November to 15 
December 1977 at 500 mb 
enough in the zonal direction to be called blocking. A closed high had 
formed over the North Sea by 1 December. Further amplification of 
this blocking ridge from 2 to 4 December moved the high center northward 
to nearly 70°N over Norway. The narrow blocking pattern continued until 
10 December when the current split extended over only about 30® of 
longitude. After this, the ridge broadened considerably while losing 
amplitude north of 60°N. A pattern that could be loosely considered 
blocking persisted until the middle of the month. The longitude versus 
time section of z^ ^^  at 60°N is given in Figure XI.12. 
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Indications from the energetics analysis are that the development 
of the high over the Norwegian Sea on 27 to 29 November was due to large-
scale baroclinic and barotropic processes, and redevelopment in early 
December was primarily baroclinic. 
On 27 to 29 November, a developing ultralong wave low over eastern 
Canada was tilted upstream. This tilting lead to substantial large-
scale northward heat transports and baroclinic energy conversion over 
the North Atlantic. Extensive northward heat transport off the east 
coast of North America and in the vicinity of Greenland in the area 
between the large-scale trough and ridge axes on 26 through 29 November 
caused most of the large CCA^ , Aj^  conversions on these dates (Figure 
XI.13). An ultralong wave ridge extending from the central Atlantic to 
Scandinavia was southwest-northeast tilted at this time and thereby 
accounted for the large CCK^ » values around 28 November. South­
westerly flow between the Laborador low and the mid-Atlantic portion of 
the ridge was the major recipient of the nonlinear kinetic energy transfer 
on the twenty-eighth (Figure XI.13). Zonal harmonic wavenumber 4 was the 
dominant wave at this time. 
The Laborador low progressed eastward and decayed by early December , 
ending the block's baroclinic energy source. Simultaneous decay of the 
midocean Atlantic ridge destroyed the southwestern end of the planetary-
scale ridge thus terminating the barotropic energy source. However, 
from 2 through 5 December phase shifts between and T^  ^  ^for both the 
Scandinavian high and a newly developing Hudson Bay low resulted in 
strong baroclinic energy sources for these features, primarily the 
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ridge. The height wave of the ridge had progressed slightly eastward 
over the previous few days which apparently resulted in a rather large 
phase shift and very strong northward heat transport, particularly on 
4 December. 
The large transfer of to on 29 November and 2 to 4 
December occurred primarily over eastern North America and the western 
Atlantic with possible additional contributions near the European block 
and over the Aleutians. This interaction provided a supplementary 
kinetic energy source for the eastern Canadian low and the blocking 
ridge, but it apparently was not of crucial importance in creating the 
block. The large transfer of  ^to the zonal mean flow from 1 to 8 
December was primarily associated with a northwest-southeast tilted 
ridge in the eastern Pacific. 
Thus, although this case of blocking is not particularly strong, 
it does appear that the Scandinavian blocking ridge developed initially 
from a combination of baroclinic and barotropic processes and maintained 
itself baroclinically. The longitude versus time section of the 850 mb 
planetary-scale heat transport at 60°N (Figure XI.14) clearly shows the 
marked northward transport between 30°W and 10°E during the ridges life-
cycle. Maxima from roughly 25 to 30 November and 2 to 6 December coin­
cide with periods when the ridge was amplifying and confirm the baro­
clinic structure of this block. Also, just as in the baroclinic Pacific 
cases, the baroclinic growth of the ridge in late November and early 
December was accompanied by baroclinic development of a planetary-scale 
trough upstream from the ridge. 
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Figure XI.14. HovmcJller diagram of vT^ _^  at 60°N for 16 November to 15 
December 1977 at 850 mb 
4. January 1977 
In January 1977, amplification of a planetary-scale trough-ridge 
system over the Pacific occurred just before the development of an 
Atlantic block that eventually extended over the North Pole. The longi­
tude versus time section of  ^at 60°N (Figure XI.15) illustrates the 
concurrent high latitude ridging over the Atlantic and Pacific Oceans. 
Because these events took place almost simultaneously, the energy con­
versions associated with them overlap. Therefore, we will discuss both 
of these cases in the same section. The Pacific ridge will be dis-
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Figure XI.15. HovmSller diagram of , at 60°N for January 1977 at 
500 mb 
cussed first, followed by a discussion of the Atlantic blocking. 
A quasistationary ultralong wave trough-ridge system persisted 
over the North Pacific Ocean throughout the winter of 1976-77. On 1 
January, blocking existed in the eastern Pacific due to retrogression 
of the December 1976 Atlantic blocking ridge across Canada, but this 
block diminished over the next few days. Meanwhile, new development of 
the existing Pacific trough had begun in late December. This trough 
develc d explosively from 2 to 6 January and a ridge amplified simul­
taneously over Alaska. These developments were strongly baroclinic as 
the ridge and especially the trough were upstream tilted. Most of the 
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C(Ag, A^ _^ ) and the C(A^  from 1 to 6 January was occurring in 
conjunction with the ultralong wave amplification in the Pacific sector. 
In addition, the western Pacific trough was extracting energy from the 
mean flow during this time due to the southwest-northeast tilt of the 
trough axis. A very striking  ^maximum on 7 January was primarily 
distributed over the North Pacific. Westerly flow east of Japan 
between 30°N and 40°N was particularly intense. 
The Pacific ridge weakened after the seventh and by 11 to 12 
January it could no longer be called blocking. Ridging continued in the 
eastern Pacific throughout the balance of the winter but it could not be 
called blocking under Rex's definition. 
The substantial barotropic transfer of  ^to the zonal flow from 
7 to 15 January resulted in the decline in  ^and an Increase in K^ . 
This energy transfer resulted from the northwest-southeast tilting of the 
western Pacific trough, the Alaskan ridge, and to a lesser extent the 
Hudson Bay low. Southward transport of westerly momentum caused by the 
tilting of the planetary-waves transferred the Pacific  ^to the zonal 
flow. Thus, decline of the Pacific blocking was due to barotropic 
damping. 
Part of the synoptic pattern over the eastern and central Pacific 
in early January was described by intermediate-scale waves that also 
exhibited significant northward heat transport. However, the energy 
content of the intermediate scales over the eastern Pacific was not 
particularly large. Therefore, we feel confident that the Pacific 
blocking was predominantly represented by planetary-scale waves. 
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Blocking over the North Atlantic in January 1977 began with a split 
in the 500 mb westerly jet over eastern Europe on the first of the 
month. The pattern at that time could be called blocking but it was 
not strong. From 2 to 5 January, a ridge developed over the eastern 
Atlantic and by 6 January a midlatitude ridge dominated flow over the 
Atlantic with very strong westerlies along 55°N to 65°N. The mid-
ocean ridge continued to amplify as did the Hudson Bay low until a 
582 dam high existed just west of Ireland at 12Z on 7 January. At this 
point, this case resembles one of our midlatitude ridge cases. 
Warm advection ahead of a northwest-southeast tilted cyclone-
scale trough that was centered over Nova Scotia on 8 and 9 January built 
the ridge westward. Warm advection was very strong over the Davis 
Strait on 9 January as the ridge rapidly amplified northward over 
Greenland and up over the polar cap by OOZ 11 January. The high con­
tinued to amplify directly over the pole until a 577 dam 500 mb high 
was centered almost directly over the pole at OOZ 14 January. The high 
over the pole remained very strong through 18 January after which it 
slowly decayed. Meanwhile, the midlatitude flow returned to a higher 
index configuration. 
Let us now consider the energetics over the Atlantic region in 
early January. Large nonlinear interaction between intermediate and 
planetary-scales from 2 to 6 January was primarily over the Atlantic and 
Europe. The major energy source for the cyclone waves was barotropic mean 
flow-interaction as large northward momentum transport by cyclone waves 
occurred over Europe and the Atlantic at this time. The produced 
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by this interaction was subsequently transferee! nonlinearly to the 
planetary-scale waves resulting in strong ultralong wave westerlies over 
the northeastern Atlantic and northern Europe and ultralong wave easterlies 
just west of Gibraltar. This is consistent with the northward transport 
of westerly momentum from near 30°N to the vicinity of 50° to 60°N. [We 
should point out that the large-scale easterlies were not real. The sum 
of the strong planetary-scale easterlies along 35° to 40°N and slightly 
stronger zonal mean westerlies at the same latitude yields the very weak 
westerly flow in this area that was synoptically observed.] The net 
effect of all these processes was the development of a mid-latitude 
planetary-scale ridge over the eastern Atlantic and Europe. 
Beginning on 7 January, large-scale northward heat transport appeared 
in the western Atlantic. A maximum of CCAg, A^  at 12Z 8 January was 
associated with extremely strong ultralong wave heat transport south of 
Greenland (Figure XI.16). This heat transport resulted from the phase 
shift between the thermal ridge and the ridge in the height field over 
the Atlantic. The effect of this transport, which was largest in the 
middle and lower troposphere, was to rapidly build the ridge northward 
over Greenland. Tremendous northward heat transports existed over the 
Davis Strait and Baffin Bay on 10 January. Eddy heat flux convergence 
caused the creation of the warm core high over the pole on 11 January 
(Hansen and Chen, 1981), 
After the block extended over the pole, the spectral energetics 
method losses much of its utility. The polar high cannot be repre­
sented by waves around a latitude circle. 
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Figure XI.16. Horizontal distribution of vT, 
January 1977 
at 500 mb at 12Z 8 1-4 
The development of this block was very likely influenced by the 
presence of a major stratospheric warming that was in progress before 
the initial development of the Atlantic ridge in Januairy 1977 (Hansen 
and Chen, 1981; Koermer and Kao, 1980). The existence of the warming 
which began in late December (Quiroz, 1977) makes this case unique 
within our sample. The unusual northward extension of the blocking 
high all the way to the pole may have been the result of vertically 
propagating planetary-waves being trapped within the troposphere due to 
a decoupling of the stratospheric and tropospheric circulations (Hansen 
and Chen, 1981; Koermer and Kao, 1980). 
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C. High Latitude Pacific Cases 
1. December 1977-January 1978 
A weak blocking ridge existed over the eastern Pacific Ocean in 
late December 1977 and early January 1978. The initial development of 
the ridge occurred around 25 to 26 December with weak blocking through 
the twenty-eighth. The block weakened on the twenty-ninth but by 30 
to 31 December redevelopment had occurred. The block achieved its 
strongest amplitude on 1 January 1978. A marginal blocking pattern 
continued over the Pacific through 4 January. The zonal extent of the 
flow split associated with this ridge barely qualifies it as blocking 
according to Rex's definition. 
The 500 mb longitude versus time section of ^ 2.-4 60°N (Figure XI. 
17) shows that the ridge along 140°W had two amplitude maxima, one on 
27 December 1977 and the other on 1 to 2 January 1978. Notice that the 
maximum aiq)litude of the ridge at this latitude was over 100 m lower 
than that of the December 1978 - January 1979 case of Pacific blocking. 
In addition, the ultralong-wave troughs upstream and downstream of the 
block were not as deep nor as intense as in the 1978-79 case of Pacific 
blocking. Intermediate and small scale waves superimposed on the 
ridge detracted from the clarity of its synoptic pattern. A transient 
intermediate-scale trough caused the temporary weakening of the 
blocking pattern around 29 December but as the trough moved east the 
blocking pattern returned. 
Due to the weak amplitude and marginal blocking structure of this 
ridge, it is not possible to unambiguously define stages in its life-
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cycle. However, we can make some inferences about the reasons for the 
block's amplification. 
There was a noticeable phase shift between the planetary-scale 
height and temperature waves associated with the western Pacific low 
and the Alaskan ridge on 27 December. This phase shift which is indic­
ative of a baroclinic wave was particularly marked at 850 mb. The 500 
mb large-scale heat transport (Figure VI.11) at OOZ 27 December shows 
the very large northward heat transport in the vicinity of Alaska as 
well as the cold air moving southward north of Japan. The pattern of 
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heat flux convergence was acting to amplify the planetary-scale thermal 
ridge south of Alaska arid the thermal trough south of Kamchatka thus 
accounting for most of the CfAg, A^_^) maximum on this date. 
A similar orientation of the heat transport to the Alaskan thermal 
ridge is more striking at 850 mb. The majority of the C(A^ _^ , 
maximum on the twenty-seventh (Fig. VI. 10) also occurred in the Pacific 
sector. The kinetic energy distribution associated with this conversion 
as well as the planetary-scale height field at 12Z 28 December are 
illustrated in Figures VI.8 and VI.12, respectively. 
The baroclinic growth of the Pacific trough-ridge system was quite 
short lived because by 29 December 1977 the phase shifts between  ^
and T^  ^  had disappeared. The amplification phase of the block was not 
long enough for the ridge to become a very prominent feature. The 
spectral energetics at this time were complicated by the growth of a 
midlatitude ridge over the Atlantic so it is not possible to see an 
obvious reason for the abbreviated Pacific development. 
The intermediate-scale trough that moved across the large-scale 
Alaskan ridge disrupting the blocking pattern is shown at 12Z 28 December 
in Figure VI.13. The fact that this trough propagated across the ridge 
testifies to the weakness of the blocking pattern although the trough 
was moving quite slowly. By 1 January 1978, a new large-scale trough 
development was underway in East Asia. Weak northward heat transport at 
850 mb just south of Alaska on 29 December to 1 January may have sustained 
the weak blocking ridge. At 500 mb, offsetting positive and negative 
transports were present on either side of the ridge during this time. 
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The striking maxima in CCA^ , C(A^ _^ , ^ 1-4^ » CCKg, and 
on 3 and 4 January were associated with strong East Asian trough 
development. Very strong westerlies between 30°N and 40°N resulting from 
this development dominated the flow across the Pacific at this time and 
during succeeding days. Warm air was transported northward away from the 
Alaskan peninsula on 3 and 4 January as the ridge decayed. 
Thus, the development of this weak blocking ridge can be explained 
by baroclinic amplification of planetary-scale waves over the Pacific. 
In this case, as in the January 1979 case, the development of the 
blocking ridge near Alaska occurred along with marked deepening of the 
ultralong wave trough over East Asia and the western Pacific. (The 
development of this trough is illustrated in the longitude-time section 
of  ^at 50°N in Chapter VI (Figure VI.3).) The reason this block 
developed when it did is unknown. There is an indication of retro­
gression of high 500 mb heights across northern Canada at 60°N in 
Figure XI.17 from 19 to 22 December but whether this had anything to 
do with the Pacific ridge development is uncertain. 
2. November-December 1977 
Two blocking ridges developed successively over the North Pacific 
in the second half of November and in the first half of December 1977. 
Both of these blocks, particularly the December case, were considerably 
weaker than the December 1978 - January 1979 case of Pacific blocking. 
On 16 November 1977, strong zonal flow existed across the North 
Pacific. From 17 to 19 November, a ridge rapidly developed over the 
Alaskan peninsula as a long wave low deepened just south of the 
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Bering Sea. These features persisted on 20 and 21 November although 
strong westerlies existed south of the block. The low had moved to a 
position south of the high by 22 November creating a Rex blocking 
pattern that persisted through the twenty-fourth. Decay began around 
25 November and continued through the twenty-seventh. The ridge 
exhibited slow retrogression throughout its relatively short life-
cycle. Decay of the ridge may have been accelerated by retrogression 
away from its eastern Pacific source region. 
The splitting of the westerly flow that accompanied the ridge was 
always very narrow in the zonal direction and relatively little mass 
transport occurred in the northern branch. However, even though this 
was a fairly marginal case of blockinjg, and the associated with it 
was quite low (Figure XI.13), indications from the energetics analysis 
are that its development was barocllnic. 
From OOZ 17 November to OOZ 20 November, CCAg, had an 
average value of "v 2.5 w/m^  and C(A^  averaged ^  2.0 w/m^  
(Figure XI.13). Both conversions had maxima on the nineteenth. These 
large-scale barocllnic conversions accompanied the development of the 
Alaskan ridge and the Bering Sea low. 
The December ridge, which existed simultaneously with the European 
block discussed earlier (Section XI. B. 3), developed northward from 
the western Pacific. It was a weak feature whose amplitude was about 
200 m less than the December 1978 - January 1979 case. Westerlies south 
of the high were very strong along 30°N. Because of the weakness of 
this block, no useful comments can be made about its origins. 
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Intermediate scale processes over the Pacific were more dominant 
during late November and early December 1977 than for any other time 
for which we have data. The four day period in the intermediate-scale 
baroclinic energy conversions during this time suggests that the 
simultaneous European and Pacific blocking during the first two weeks 
of December and the earlier Pacific block did not disrupt the normal 
energy cycle that much. 
D. Midlatitude Atlantic Ridges 
1. January 1979 
A strongly amplified ridge developed over the Atlantic Ocean in 
the first week of January 1979. Just as in the midlatitude ridge case 
discussed in Chapter VI, both large-scale and intermediate-scale waves 
and transports must be considered in describing the energetics of the 
present case. 
On 1 January 1979, a southwest-northeast tilted trough existed 
over North America that was the superposition of a deep, ultralong wave 
trough over Hudson Bay and a cyclone-scale trough. Relatively weak 
westerlies existed over the Atlantic as the flow field in this area 
was recovering from the decay of a major high latitude block. A 
blocking high was in place over Alaska. 
Ridging along the United States east coast already evident on the 
first continued as the deepening cyclone-scale trough moved around the 
south side of the Hudson Bay low. By 12Z 3 January, the ridge domi­
nated the western and central Atlantic. A 589 dam high center was 
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located at 39°N, 53°W and strong southwesterly 500 mb flow existed over 
the eastern U.S. and Laborador. The ridge remained strong from 3 to 5 
January with strong flow on its west and north sides. The ridge 
flattened between 12Z 5 January and the seventh by which time very 
strong westerlies between 40°N and 60°N dominated the 500 mb flow over 
the North Atlantic. Meanwhile, between 4 and 6 January a trough 
moved southwestward across Spain to a position west of Gibraltar 
where it formed a cutoff low during the blocking's decay phase. A 
similar feature developed in the same way in late December 1977. 
Overall, the synoptic behavior of this case was very similar to 
the December 1977 case discussed in Chapter VI, but its amplitude was 
not as great. The highest 500 mb heights are 8® to 10° latitude 
further south and slightly lower than the December 1977 case. 
For the energetics results, refer to Figures V.6a, V.6b, V.7 and 
V.8 given in Chapter V for the first week in January 1979. There is 
a marked negative correlation between Ag and both Ag and Kg between 1 
and 8 January due to large CCAg, Ag) and C(Ag, Kg) that were maximum 
on the third (Figures V.6a and V.6b). The striking baroclinic growth of 
intermediate-scale kinetic energy from 31 December 1978 to 3 January 
1979 was almost entirely associated with the development of an inter-
mediate-scale trough-ridge system over eastern North America and the 
western Atlantic. The subsequent marked nonlinear transfer of 
intermediate-scale kinetic energy to the ultralong waves from 2 to 6 
January also occurs in this region. Figure V. 18 shows the 
distribution from south of the Great Lakes to south of Iceland at 12Z 
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5 January that was the result of this transfer, A limited area 
energetics calculation (not shown) confirms that the up-scale kinetic 
energy transfer occurred in the region bounded by 75°N, 30°N, 85°W and 
20°W. 
The midocean ridge was represented by a superposition of large-
scale and intermediate-scale ridges, each of which was amplified by 
their respective scale heat transports and associated CCA^ , A^ ) 
conversions. The Hudson Bay low also deepened due to large-scale 
heat transports. The 0(4^ , A^ _^ ) and CCAg, A^  maxima on 3 
January (Figures V.7 and V.8) were partially accounted for by the 
heat transports over the western Atlantic. Figure V.16 shows 
the large-scale heat transport at OOZ 4 January. The intermediate-
scale heat transport was located in the same position and was roughly 
the same strength as the large-scale transport over the western 
Atlantic, 
The large-scale and intermediate-scale ridges were very closely 
in phase on 4 and 5 January when the midocean ridge in the synoptic 
charts was at its maximum amplitude. The intermediate-scale ridge 
decayed and moved southeastward by 6 to 7 January, The decay of the 
synoptic ridge coincided with the progression and decay of the inter­
mediate-scale feature just as in the December 1977 case. We should 
note, however, that the ultralong wave ridge amplitude over the 
Atlantic was much greater than that of its intermediate-scale counter­
part. The ultralong wave ridge's amplitude grew and declined simul­
taneously with the intermediate-scale feature although a significant 
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large-scale ridge remained in the eastern and central Atlantic after 
the blocking nature of the synoptic feature had diminished. 
The general characteristics of this case are very similar to the 
December 1977 case. However, large-scale baroclinic energy conversion 
in the present case was only significant in the upper troposphere. The 
nonlinear interaction was larger in the January 1979 case and resulted 
in stronger westerlies over the North Atlantic than in the December 
1977 case. 
In summary, the short duration but high amplitude ridge over 
the mid-latitude Atlantic in the first week of January 1979 was a 
transient feature whose amplification was largely baroclinic. The 
kinetic energy was generated almost entirely at intermediate wave­
lengths and transferred nonlinearly to the planetary-scale waves. 
The effects of this interaction in strengthening westerlies over the 
ocean were of longer duration than whatever blocking effect the ridge 
might have had. 
2. January 1978 
The mid-Atlantic ridge that developed in mid-January 1978 did not 
achieve as great an amplitude and was not as well-organized as the 
December 1977 ridge that preceded it. The wavelength of this ridge 
was shorter than the earlier case. 
There were actually two ridge developments. The first developed 
on 9 and 10 January, remained relatively strong on 11 and 12 January 
before decaying on the thirteenth. The second ridge lasted only from 
15 to 17 January and cannot be called blocking. Maxima in CCAg, 
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and C(Ag 5^-10^  accompanied the development of the block, but the 
largest nonlinear transfer of energy to the large scale followed the 
block's demise. The same sequence of events with smaller magnitudes 
occurred for the second ridge. 
The short duration and fairly weak amplitude of this ridge make 
it a marginal case study that is not worthy of further consideration. 
